arXiv:1508.05335vl [hep-th] 21 Aug 2015 


THE University oe Tokyo 


Ph.D. Thesis 

Inflation in 

Supergravity 

with a Single Superfield 


Takahiro Terada 

Advanced Leading Graduate Course for Photon Science, 
and Department of Physics, Graduate School of Science, The University of Tokyo 

Research Fellow of Japan Society for the Promotion of Science 


Submitted: 

Defended: 

Revised for Library: 
Revised for arXiv: 


December 16, 2014 
January 20, 2015 
February 17, 2015 
August 20, 2015 




\^pr THE University OF Tokyo 



SCHOOL OF SCIENCE 

THE UNIVERSITY OF TOKYO 



Thesis Advisor: Prof. Koichi Hamaguchi, 
Chief Examiner: Prof. Hitoshi Murayama, 


Co-Examiner: Prof. Masaki Ando, Co-Examiner: Prof. Shigeki Matsumoto, 


Co-Examiner: Prof. Yuji Tachikawa, 


Co-Examiner: Prof. Taizan Watari. 



Abstract 

Supergravity is a well-motivated theory beyond the standard model of particle physics, 
and a suitable arena to study high-energy physics at the early universe including inflation, 
whose observational evidences are growing more and more. Inflation in supergravity, how¬ 
ever, can not be trivially described because of restrictions from supersymmetry. The scalar 
potential has an exponential factor and a large negative term whereas a flat and positive 
potential is needed to realize inflation. The standard method to obtain a suitable infla¬ 
tionary scalar potential requires an additional superheld to the one containing inflaton. In 
this thesis, we propose and develop an alternative method which does not require the ad¬ 
ditional superheld and thus reduces the necessary degrees of freedom by half. That is, we 
study inhation in supergravity with only a single chiral superheld which contains inhaton. 
We accomplish it by introducing a higher dimensional term in the inhaton Kahler potential, 
which plays an important dual role: hxing the value of the scalar superpartner of the inhaton 
resulting in ehective single held models, and ensuring the positivity of the inhaton potential 
at the large held region. Our proposal is not just particular models but rather a new frame¬ 
work to realize various inhationary models in supergravity. In particular, large held inhation 
in supergravity using one superheld without tuning has become possible for the hrst time. 
In our generic models, supersymmetry breaking at the inhationary scale by inhaton is not 
completely restored after inhation, so null results for supersymmetry search at the LHC are 
predicted for the simplest cases. Remarkably, however, it is possible with tuning to embed 
arbitrary positive semidehnite scalar potentials into supergravity preserving supersymmetry 
at the vacuum. Our discovery opens up an entirely new branch of model building of inhation 
in supergravity. 



Preface for the arXiv version 


This is the arXiv version of the author’s Ph.D. thesis. Only a few minor changes were made 
for this version. The original version of the thesis will be available at UTokyo Repository. 
Also, the contents of Section 3.6 were summarized in a proceeding of the HPNP 2015 
workshop [270] though some parts have been updated in this version of the thesis. 

The achievement of the works [44,45] that this thesis is based on is a breakthrough in the 
field of inflation in supergravity, and it triggered subsequent interesting developments [63, 
271-277]. In particular, another approach to inflation in supergravity with a single chiral 
superheld was proposed by Roest and Scalisi in Ref. [273] based on generalization of no-scale 
supergravity, which was further developed in Ref. [277]. A similar model was proposed by 
Linde [274] as a generalization of Goncharov-Linde model [34,62-64]. These works appeared 
after the completion of this thesis, so these are not covered in the review part of the thesis. 
Instead, we here briefly comment on some relations between their and our approaches. 

The models in Refs. [273,274] are unstable for some parameter choice, and they requires 
stabilization [275] (see also Ref. [277] for the generalization which does not require stabi¬ 
lization in the Kahler potential). When we take C 2 = C 4 = 0 in eq. (23) in Ref. [275], it 
reduces to the model in Ref. [273]. When we take C 4 = 0 and C 2 = (a —1)/2 in the equation, 
it reduces to the model in Ref. [274]. Now, when we take C 2 = 0 and a = 1 in the same 
equation, it is essentially the same structure as eq. (39) in Ref. [44] (or eq. (3.34)). (Note 
also the similarities of superpotentials between eqs. (14) and (17) in Ref. [273] and eq. (32) 
in Ref. [44] or its extension, eq. (B.2) in Ref. [45], or equivalently eq. (3.46).) Thus, the 
apparently ad-hoc choice of Kahler potential in the equation can be understood in terms 
of the dilatation symmetry of the real part [275]. In other examples of Kahler potential 
in Refs. [44,45], we exploit the shift symmetry of the imaginary part. The two kinds of 
symmetry transformations form Mobius group [275], so these models are related in the 
perspective of Kaher geometry. 

For this opportunity, it is useful to answer the question the author is sometimes asked: 
whether our models are the low-energy effective descriptions of the double superheld mod¬ 
els [36,38,39,108] after integrating out the stabilizer superheld. We think the answer is no 
for the following reason. In the latter case, inhation is driven by the supersymmetry (SUSY) 
breaking of the stabilizer superheld and inhaton does not break SUSY during inhation. On 
the other hand, in our case, it is driven by the SUSY breaking of the inhaton superheld. 
Thus, SUSY breaking property during inhation is qualitatively diherent. Because of this 
argument, the single superheld models [44,45] are distinguished from the double superheld 
models. 

Since the mechanism of single-superheld inhation has just been discovered, there is 
room to be explored. For example, we will show that potentials with very rich structures 
and SUSY preserving vacuum can be made for a simple polynomial Kahler potential in an 
upcoming publication. It is our pleasure that the readers of the thesis further develop this 
exciting held. 

Some parts of the preface and revision are motivated or benehted from useful discussions 
with I. Ben-Dayan, E. Dudas, S. Shirai, F. Takahashi, and A. Westphal. Acknowledgement 
is attached to the end of the thesis. 


Preface 


This is a Ph.D. thesis on cosmological inflation in supergravity theory submitted to the 
University of Tokyo. The thesis is based on the author’s works [e, f] in collaboration with 
S. V. Ketov. It is newly written, and presentations and explanations have been reorganized 
and integrated. There are some new contents beyond Refs, [e, f] such as Sections 3.4 and 

3.6. 
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Chapter 1 

Introduction 


“What are the fundamental laws of Nature?” “What happened at the beginning of the 
universe?” These deep and fundamental questions have been fascinating people since the 
ancient time. Scientifically, these questions are addressed in particle physics and cosmol¬ 
ogy. The aim of particle physics or high energy physics is to understand the fundamental 
ingredients of the world — particles, strings, or some unknown elements — and interactions 
among them as well as to understand the stage these actors play — spacetime. The aim of 
cosmology is to understand the history and destiny of the universe. Going back in time, the 
expansion of our universe implies that it began with an extremely hot and dense state, the 
so-called Big-Bang cosmology. At very early stage of the universe, everything is decomposed 
into elementary particles due to high energy interactions. This is the point where particle 
physics and cosmology meet. We try to describe the universe in a way motivated by particle 
physics. 

As of 21st century, our understanding of elementary particle physics is summarized as 
the standard model of particle physics. It is based on quantum field theory (QFT) with the 
gauge group SU(3)c x SU( 2 ) 2 , x U(l)y. The recently discovered Higgs boson [1,2], the final 
piece of the Standard Model, plays a crucial role in the spontaneous symmetry breaking 
of the group into SU(3)c x U(1)em, and gives masses to quarks and leptons in the gauge 
invariant manner. As for gravity, it is usually neglected in low-energy description of particle 
physics because of its tiny interaction strength at low-energy. But it becomes important 
in the cosmological context. The standard gravitational theory is General Relativity, the 
theory of gravity as distortion of spacetime. These theories succeed to explain almost all 
experiments and observations except for a few anomalies of minor signihcance, e.g. mismatch 
of theoretical and experimental values of the muon anomalous magnetic moment. At least 
as low-energy effective theories, viability of these theories are intact. It is remarkable that 
although the Higgs sector is not as restrictive as the gauge sector, the Higgs observables are 
consistent with the minimal standard model at the level of the current experimental results 
obtained at the Large Hadron Gollider (LHG) (see e.g. Refs. [3-6]). 

On the other hand, the concordance cosmological model is called AGDM model with A 
and GDM referring to the cosmological constant (dark energy) and cold dark matter re¬ 
spectively. From recent precision observational cosmology [7-9], we have been establishing 
this concordance model with the initial condition supposedly realized by cosmological infla¬ 
tion [10-12]. Inflation solves the horizon, flatness, and monopole problems of the “standard” 
Big-Bang model. (It should be safe nowadays to say that the standard cosmology is now 
inflationary one.) Moreover, it generates the seeds of densify fluctuation which eventually 
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grows to the Large Scale Structure of the universe. In the vanilla inflationary model, the 
potential energy of a scalar held, inhaton, drives exponential expansion of the nniverse. The 
old models of inhation [11,12] ntilize the energy of false vacuum, and it ends with phase 
transition. Bnt it does not lead to a gracefnl exit and the phase transition to the true 
vacuum does not efficiently happen. The new models of inhation [13,14] and subseqnent 
models are based on the inhaton slowly rolling down its potential. They are called slow- 
roll inhation. Its Gaussian and almost scale invariant quantnm huctuation is the source of 
the primordial density pertnrbation. The inhationary ACDM cosmology is consistent with 
precise observations snch as Planck [8,9]. 

Although agreement of these theories with experiments and observations are spectacular, 
they are phenomenological. In particular, we do not know the nature of dark matter and 
dark energy despite the fact that it dominates the current energy density of the nniverse. 
We do not know the nature of inhaton neither. We want to nnderstand them in a nnihed 
framework with particle physics. Dark matter, dark energy, and inhation as well as neutrino 
oscillation suggests extension of the standard model of particle physics. In addition to these 
motivations, the standard model of particle physics has its own reasons to be considered as 
not the fnndamental theory and to be extended. They are related to the theoretical problem 
of natnralness. First, quantum gravity is perturbatively non-renormalizable. Although the 
standard model is a renormalizable gange theory, the whole theory of the standard model 
conpled to pertnrbative qnantnm gravity on hxed backgronnd is non-renormalizable. Then, 
the theory is ehective held theory, and we can easily nnderstand the fact that we can neglect 
higher dimensional operators in the standard model because they are irrelevant in the renor¬ 
malization sense. They are snppressed by some high scale snch as the Planck scale. However, 
we can not nnderstand the magnitude of coefficients of some of relevant and marginal op¬ 
erators: the cosmological constant problem [15], the (gange) hierarchy problem of Higgs 
self-energy [16-18], and the strong CP problem [19]. 

One of the resolntion to the hierarchy problems is snpersymmetry (SUSY) [20,21]. It is a 
fermionic symmetry which extends the Poincare symmetry of spacetime leading to a concept 
of snperspace. When particle goes around a qnantnm loop in spacetime, its snperpartner also 
goes aronnd in snperspace. These contributions cancel not to prodnce large Higgs self-energy 
and cosmological constant. Advantages of (low-energy) SUSY inclnde the possibility of gange 
conpling unihcation implying the Grand Unified Theory (GUT) and presence of candidates 
of dark matter as lightest snpersymmetric particles (LSPs). If Nature is supersymmetric, 
gravitational sector should be supersymmetric too. It is the gauged (local) version of SUSY, 
and called snpergravity (SUGRA) [22,23] since it antomatically inclndes gravity. It is worth 
noting that SUSY is required to describe fermions in Snperstring or M-Theory [24-27], a 
candidate of the Theory of Everything. Low energy landscape of Superstring Theory inclndes 
supergravity. 

The topic of this thesis is inflation in snpergravity theories. In the context of inflation, 
SUSY ensures absence of the potential hierarchy problem of inhaton self-energy and of the 
Higgs in the standard model when they are conpled. Once adopting SUSY, it should be 
upgraded to supergravity partly because inhaton traverse held range compatible with or 
larger than the Planck scale in some models, and partly because inhation, expansion of 
spacetime, is a phenomenon of gravitation, which is now part of snpergravity. On the other 
hand, ehects of nnknown nltraviolet (UV) ehects presnmably at the Planck scale can be 
neglected because the energy scale of inhation is typically ~ and smaller 

than the Planck scale. Here, V is the valne of the scalar potential dnring inhation, and 
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Mq is the reduced Planck mass (the subscript G denotes Gravitational). Since it is not far 
below the Planck scale, it may be better to describe inflation in a fundamental theory like 
superstring. The advantage of describing inflation in supergravity to such frameworks is that 
supergravity is better understood and we are not restricted to specific known situations by 
our limited knowledge of the UV theory. 

Describing or even realizing inflation in supergravity is, however, highly non-trivial and 
not easy [28] . The primary reason is because the scalar potential of supergravity involves an 
exponential factor of helds. Without tuning or symmetrical reasons, any scalar held receives 
the mass contribution of order the Hubble variable (the Hubble induced mass). It dehes 
the inhaton to slowly roll down its potential. Instead, it rapidly rolls down and settles to 
the minimum of the potential in a few Hubble times. This is the so-called r] problem in 
supergravity [28,29]. The details of these arguments will be presented in Section 2. This 
difficulty made people to tune the Kahler potential [30,31] and the superpotential [32-35], 
which dehnes a model in supergravity, to obtain a suitable scalar potential for inhation. There 
are no legitimate reasons to justify their choices of intricate expressions. These features are 
shared by various inhationary models including small held and large held models, but the 
latter type is particularly difficult to be described in supergravity. 

A true innovation was made in 2000 by Kawasaki, Yamaguchi, and Yanagida [36]. They 
noticed a simple but important fact: a shift symmetry ensures that the exponential factor 
does not depend on the inhaton. This means that the inhaton potential no longer has the 
exponential dependence on the inhaton, and the rj problem is naturally solved. Since an 
exact shift symmetry means the exact hat scalar potential V = (constant), we have to 
softly break the shift symmetry after all. The shift symmetry in their model is broken by 
the superpotential, and the scale of the superpotential is much smaller than the reduced 
Planck scale. So the soft breaking of the shift symmetry is controlled by the small scale 
of the inhaton superpotential. In this sense, the shift symmetry breaking is natural [37]. 
They successfully embedded the chaotic inhationary model with a quadratic potential into 
supergravity. To do that, the shift symmetry is not enough, and they were led to introduce 
another superheld in addition to the inhaton superheld. Without the additional superheld, 
the inhaton potential becomes negative and even unbounded below. The instability is hxed 
by introducing the additional superheld whose expectation value vanishes, so let us call it 
the stabilizer superheld. 

Ten years later, Kallosh and Linde generalized the method to more generic superpoten¬ 
tials [38]. The superpotential is taken to be the product of the stabilizer superheld and 
an arbitrary real-coefficient holomorphic function. It can be used to approximately embed 
arbitrary inhationary models with positive semidehnite scalar potentials. The conditions 
that other scalars than the inhaton are frozen at their origins and do not ahect inhation are 
obtained in their subsequent paper with Rube [39] . According to these works, it has become 
much easier to describe inhation in supergravity. 

An alternative framework for inhation utilizing vector or linear supermultiplet was pro¬ 
posed by Farakos, Kehagias, and Riotto in the context of Starobinsky inhation in the new- 
minimal formulation of supergravity [40]. The idea to use these supermultiplets was gener¬ 
alized for generic supergravity models by Ferrara, Kallosh, Linde, and Porrati [41]. Their 
theories are also capable of embedding approximately arbitrary positive semidehnite scalar 
potentials. In this approach, the inhaton is the scalar component of a massive vector or 
massive linear supermultiplet. Prior to gauge hxing, the theory contains a chiral or linear 
superheld containing the inhaton and a real superheld containing a vector held. Thus, two 
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superfields are introduced also in this framework. In fact, the bosonic part of the resultant 
Lagrangian contains a massive vector or two-form tensor in addition to a real scalar inflaton 
as well as gravity. An advantage of this approach is there is no other scalar in the inflaton 
sector, and we need not to worry about instability of the scalar potential in directions of 
other scalar fields. 

All of the above models or frameworks introduce an additional superfield other than the 
inflaton superfield. It is not inconsistent at all to use two superfields to describe inflation in 
supergravity by itself, but it is not favorable from the perspective of minimality. We would 
like to ask the following questions. “Are these frameworks the simplest ways of realizing 
inflation in supergravity?” “Are they the only methods to embed arbitrary positive scalar 
potentials into supergravity?” “Are there any other simple ways of describing inflation in 
supergravity?” Since the vector or tensor supermultiplet plays an essential role in the second 
approach [40,41], we focus on the hrst approach [36,38,39] based solely on chiral superhelds. 
More concretely, our aim is to examine the possibility of removing the stabilizer superheld. 

However, this naively looks impossible. Actually, the authors of the pioneering work [36] 
found that inflaton potential becomes unbounded below in the large field region once we 
impose the shift symmetry. That is why they introduced the stabilizer superheld. Because 
the shift symmetry is crucial for the hatness of the inhaton potential, we also impose it on 
the theory. For this setup with a single chiral superheld and a shift symmetry, it was widely 
believed that large held inhation does not occur. We show some of them in quotation. 

“Large field sgoldstino inflation does not work, at least not for potentials that 
grow at most polynomial. ” [42] 

“We conclude that large field sgoldstino inflation in a sugra model does not work 
as it is plagued by an instability in the scalar potential. ” [42] 

“We note that it is certainly not impossible to have large field inflation in sugra, 
only that it does not work with a single chiral superfield. ” [42] 

See also Section 2 of Ref. [43] for the discussion against large hied or chaotic inhation with 
a single superheld setup. 

We have found in Refs. [44, 45] that it is actually possible to removing the stabilizer 
superheld in realizing large held inhation in supergravity. The previous claims and arguments 
against this possibility shows how our new hndings are groundbreaking and revolutionary. 
Our proposal is a framework for inhation in supergravity rather than some specihc models. 
The framework uses only a single chiral superheld which contains the inhaton, aside from 
the supergravity chiral supermultiplet consisting of graviton, gravitino, and auxiliary helds. 
Regarding the inhaton sector, we have reduced the necessary number of degrees of freedom 
by half of the above standard frameworks [38,39,41] from two superhelds to one superheld. 

Moreover, we proposed a class of single superheld models in supergravity that can accom¬ 
modate almost arbitrary positive semidefinite scalar potentials [45]. Thus, our theory is as 
powerful as other frameworks [38,39,41] in spite of the fact that the former has only the half 
degrees of freedom of the latter. Our discoveries open up novel possibilities of embedding 
vast kinds of inhationary models in supergravity with a single chiral superheld. 

The purpose of this thesis is to extensively study various aspects of the proposed mech¬ 
anism of inhation in supergravity with a single chiral superheld, and establish its viability. 
Instead of introducing the stabilizer superheld, we introduce a higher dimensional operator in 
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the Kahler potential. This is the key ingredient in our method and we extensively study the 
effects of the stabilization term. Other topics in the thesis include modification of the Kahler 
potential, coupling to other fields in the theory, and their effects on inflationary dynamics. 

The organization of the thesis is as follows. In Chapter 2, we review inflation in super¬ 
gravity. In Chapter 3, we present our new, simple, and powerful framework for inflation in 
supergravity without the need of the stabilizer superfield. We introduce a higher order term 
(stabilization term) in the Kahler potential instead of the stabilizer superfield. Its effect is 
extensively studied both analytically and numerically. To address a naturalness or tuning 
issue, we study effects of other terms in the Kahler potential. At the end of the Chapter, we 
generalize the method to charged superfields, thereby embed large-field Higgs inflation into 
the minimal supersymmetric standard model (MSSM) in SUGRA (without stringy effects) 
for the first time. The summary, discussion, and conclusions are presented in Chapter 4. We 
give mini reviews on supergravity and inflation in Appendices A and B respectively. 

We take the reduced Planck unit where c = h = Mq = 1 where Mq = Mpi/ a/Stt = 
I/VSttG is the reduced Planck mass. When we clarify or emphasize dimensionality, we 
indicates the reduced Planck mass. The complex conjugate or Hermitian adjoint of a quantity 
A is denoted by A. The base notation and convention are those of Ref. [46]. For example, 
the sign convention of the spacetime metric is The sign of the coefficient of 

the Einstein-Hilbert action of General Relativity is negative. For superconformal discussion, 
we follow Ref. [47] with interpreted normalization augmented. Appendix A is not tailored 
for self-contained detailed introduction for supergravity. It is an overview and summary 
of various formulations of supergravity, and help readers compare different formulations 
appearing in the thesis. It may serve as a conceptual introduction for beginners and a 
concise summary for professionals. For detailed reviews of supergravity, see e.g. Refs. [46-50]. 
Similarly, Appendix B is to provide minimal requisite knowledge for inflation to read the 
thesis. There are many books or reviews on inflation. See e.g. Refs. [51-55] and references 
therein. The Planck papers [9,56] are also helpful. 
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Chapter 2 

Review of Inflation in Supergravity 


In this Chapter, we review inflation in snpergravity. There is already a review of inflation 
in sneprgravity by Yamaguchi [28]. In the review, emphases are pnt on varions inflation¬ 
ary models snch as new, chaotic, hybrid, topological, and Higgs inflation models based on 
snpergravity. In contrast, we are interested more in general embedding mechanism itself of 
scalar potential into snpergravity and some special classes of models with theoretical inter¬ 
ests. Also we discuss known results for inflation with a single chiral superfleld (the so-called 
sGoldstino inflation), which is to be extended in the next Chapter. For complimentary in¬ 
formation on inflation in non-SUSY, snpergravity, or superstring frameworks, see also some 
recent articles [57-61] and references therein. 

First we see non-trivial points in trying to embed inflationary models, especially large- 
field inflationary models, in snpergravity in Section 2.1. The main theme of this thesis is 
the inflationary framework in snpergravity with a single chiral superfleld, in which inflaton 
held coincides with sGoldstino held which breaks SUSY during inflation. We review earlier 
works on such a framework, sGoldstino inflation, and its limitation in the original form 
in Section 2.2. Then, we proceed to the standard approach based on a shift symmetry in 
Section 2.3 where another superfleld is introduced to stabilize the inflationary potential. In 
Section 2.4, we review an alternative framework with a chiral supermultiplet and a vector 
or tensor supermultiplet. Finally, in relation to minimalistic approaches in Section 2.2 and 
in Ghapter 3, we discuss other “minimal” directions to inflation in snpergravity based on 
purely (super)gravitational theories in Section 2.5. 

2.1 Difficulties of inflation in supergravity 

The kinetic terms of the scalar sector in the flat space limit of the four dimensional M = 1 
snpergravity is 


/Ikin = 


( 2 . 1 ) 


where a bar denotes complex conjugation, = d‘^K/d(jfd(()^ is the Kahler metric, and K 
is the Kahler potential. 


The scalar potential is given by 



( 2 . 2 ) 
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where W, Da, and g are the superpotential, the real part of the gauge kinetic function, 

the Killing potential, and the gauge coupling constant, respectively. i,j,... are held indices 
while A, B,... are gauge indices. The Kahler covariant derivative is dehned as 

D,W = lU, + K,W, (2.3) 

where subscripts denote differentiation, e.g. Wi = dW/d(p'^. and are the inverse 
matrices of the Kahler metric and the real part of the gauge kinetic function, respectively. 

For the time being, let us consider F-term inhationary models and ignore F-term. Taking 
the simplest, minimal Kahler potential, 

K = (2.4) 

the exponential factor in the F-term scalar potential becomes 

= (2.5) 

Thus, the scalar potential in supergravity typically has an exponential factor of held variables, 
and it is too steep in the large-held region |<F| > 1 to have a hat potential suitable for 
inhation. This obstacle is not limited to the large-held region. Writing the F-term potential 
as U = e^V, V ~ U ~ 3H^ due to the Friedmann equation. Expanding the exponential 
factor, mass terms of order the Hubble parameter are induced, 

U = U + U|$|2 + ... . (2.6) 

This contributes to the second slow-roll parameter g = V” /V as g = rjo + 1 + ■■ ■ where go 
is the g parameter determined from the V part. To make it small, g 1, tuning is required 
unless some symmetries control hatness. Supersymmetry does not help because it must be 
broken during inhation to obtain positive vacuum energy. This is the so-called n-problem. 
See e.g. Ref. [29]. 

2.1.1 Approaches to evade the problem 

Because of this difficulty, tuning in the superpotential [32-35,62] or particular choice of the 
Kahler potential [30,31] were required in the early attempts for inhation in supergravity. ^ 
The model in Refs. [34, 62] is the hrst chaotic inhation model in supergravity, which is 
consistent with observation, and it was recently revisited and slightly generalized by one 

^ For example, the superpotential in Refs. [34,62] is 

W(^) = tanh <E-o) sinh - 4>o), (2.7) 

and the Kahler potentials studied in Refs. [30] and [31] are 

K =-ln(Z + Z+ + (Z + Z+ , (2.8) 

8 

and 

K = -3ln (Z + Z - -h - ($4>)^ ) - 2$$ -f ^ ($$)^ , (2.9) 

Y CL CL J ^ 

respectively, where Z is a no-scale modulus. These complicated or particularly tailored forms imply how non-trivial 
it is to obtain a suitable inflationary potential in the supergravity framework. 
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of the authors [63] (see also Ref. [64] in which other forms of the model leading to the 
same inflaton potential are found). The authors of Refs. [30,31] utilized logarithmic Kahler 
potential to have global SUSY-like potentials for the inflaton.^ It was argued in Ref. [31] 
that to separate the inflation scale from the low-energy SUSY breaking scale, the no-scale 
model [65-67] is useful, but (without the stabilization term which is heavily used in this 
thesis,) the inflaton Kahler potential has to be generalized to a non-minimal form like eq. (2.9) 
to avoid the run-away behavior of the Z field. 

Contrary to tuning, arguments based on symmetries are favorable. Discrete /^-symmetries 
[68-70] and the Heisenberg symmetry [71] are useful to ensure flatness of the potential. We 
briefly review the model with discrete //-symmetry in the next Section. A simple method 
utilizing a shift symmetry was proposed in Ref. [36] and generalized in Refs. [38,39], which 
will be discussed in Section 2.3 in more detail. 

With the help of moduli fields whose values are driven to a quasi-fixed point where the 
inflaton mass term vanishes, a flat potential can be obtained without tuning, leading to 
inflection point inflation [72]. 

The above problem originates from the exponential factor in the F’-term scalar potential, 
so it can be avoided by using //-term as the driving source of inflation, //-term inflation 
was proposed in Refs. [73, 74] and revisited in Ref. [75]. The usual //-term inflation is 
one of hybrid inflationary models with charged and neutral chiral superhelds as well as 
a real superfield utilizing the Fayet-Iliopoulos (FI) term. It is also analyzed recently in 
the superconformal framework, named super conformal //-term inflation [76,77]. Recently, 
however, chaotic regime of //-term inflation in the hybrid-type model was discovered [78]. 
See also other simple //-term chaotic inflation models [79-81]. In this thesis, we are mainly 
interested in F’-term inflation because inflation with minimal nnmber of degrees of freedom 
is possible in the F’-term case. 

Before moving to the discussion on small field inflationary models with a single chiral 
superfield, we briefly review a model with plural superhelds, the SUSY hybrid inhation, 
because it is a famous, important, natural and typical inhationary model in SUSY. The 
hybrid inhation was proposed in Refs. [82,83] and embedded in SUSY and supergravity in 
Refs. [29,84-87]. This is an example of sGoldstino inhation, which is discussed in the next 
Section. The superpotential of the SUSY hybrid inhation is simple, 

lU = $ , (2.12) 


where $ is an inhaton, and 4/ and ^ are complex conjugate representations of each other 
with respect to some symmetry (such as GUT gauge symmetry). This form is ensured by an 
//-symmetry under which 4) is charged and 4/tk is a singlet. The parameters can be taken to 
be real without loss of generality. As we will see below, $ breaks SUSY during inhation, so 
it is the sGoldstino during inhation. 

^ For example, the kinetic term and the scalar potential following from eq. (2.8) is [30] 


_ 16r;^ — 3 /, „ >2 . / r \2\ . 1677 ^ + 3 I a a >|2 

•^kin — ((^M^) + (U) ) + ) 






1677 ^ -I- 3 


8 ( 16772 - 3 )' 


( 2 . 10 ) 

( 2 . 11 ) 


where rj = Z + Z + ixF, and 7^ = idij,{Z — Z) + — 4>P^<1?) is a 7/(1) current. At the minimum of the 77 = 3/4, 

the \ W\^ term vanishes and the first term proportional to |WTk remains. Thus, inflationary model building in global 
SUSY can seamlessly transformed into the supergravity framework. 
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For simplicity, we take a minimal Kahler potential. Possible higher order terms of the 
inflaton allowed by the /2-symmetry are powers of in the Kahler potential. Its qnartic 
term prodnces a mass contribntion, and it must be suppressed anyway. The scalar potential 
of the model is 


y + + (1_ |$|2^ |$|4) 






+ 




+ 1^1 

+ ^ , (2.13) 


where tA is the generator of the gauge algebra with A its index and implicitly summed. 
The essential feature is well described in the global SUSY version, in the decoupling limit 
of gravity Mq —)■ oo (with W hxed) or the small held limit |<F|, |^|, |^| <C Mq. The F-term 
potential in the global SUSY is 


T/ (global) 

Vp 


- /i^ 




(2.14) 


The vacuum is located at $ = 0, |\|i| = |^| = and supersymmetric. Here we have 

taken the F-hat direction as |\l/p = as in the U{1) case for simplicity. When |<F| is 
larger than /r/ a/^, it is energetically favorable for ^ and ^ to vanish. The tree-level masses 
of the particles along the line 4/ = ^ = 0 at the global SUSY level are 

ml =0, (2.15) 

"^(4T4)/^/2 (2-16) 

Note the vanishing mass of the inhaton at the leading order. The potential is approximately a 
constant, V = This is a consequence of the F-symmetry, which forbids quadratic or cubic 
terms as well as a constant in the superpotential. The lighter nonzero mass becomes negative 
when the inflaton value becomes small. The critical value of the inflaton is |$c| = /u/a/k. 
As we will see shortly, the inflaton is driven to the smaller value by the quantum (and 
SUGRA) corrected potential. The inflation ends with the phase transition of the waterfall 
field (^ + ^)/y2. 

Setting 4/ = 0 = 0 (note that this actually kills the positive semidefinite SUSY breaking 
terms in the full supergravity potential (2.13)), the full tree-level potential reduces to 

=el»lV(l-|<l>l" + |1>l‘) 

=/ (^1 + + 0 (/)) , ( 2 . 17 ) 


where we have identihed the radial part 0 of <F = \/2 as the inflaton. We see that 

quadratic terms has canceled each other in this potential, which preserves flatness obtained 
at the rigid SUSY. We again emphasize that this is a consequence of the F-symmetry. We 
also consider models with a discrete F-symmetry in the next Section. Note that the qnartic 
term has arisen due to the supergravity effects. The coefficients may change if we include the 
qnartic term ($4))^ in the Kahler potential. On top of this tree-level potential, the one-loop 
quantum correction, Coleman-Weinberg potential [88], should be taken into account. This 
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is induced by splitting of masses in and ^ supermultiplets, and given by [28,85] 


^ 1 - 


loop 


(, ,9 - ‘^\2i , 2 O 2\2, K^cjp' 


1287r2 


— 2/i^) In 


A2 


+ + 2/i^) In 


A 2 


20 ^ In 


0 

*'-In — 

■ 87r2 00 


A2 
(2.18) 


where M is the dimension of the gauge group \1/ and ^ belong to, A is the renormalization 
scale, and 0c = A/2|<hc|. We have assumed 0 0c in the second equality. 

The inflationary observables obtained from the sum of the tree-level and one-loop poten¬ 
tials (eqs. (2.17) and (2.18)) are summarized in Ref. [28]. When ka/AT > 0.1, the inflaton 
experiences dynamics on the quartic potential, followed by dynamics on the logarithmic po¬ 
tential, during the last 50 or 60 e-foldings. In this case, the spectral index rig becomes larger 
than one, which is excluded. On the other hand, when Ky/J/ 0 0.1, the spectral index is ob¬ 
tained as Ug > 0.985. Observationally, the spectral index is measured as Ug = 0.9666-1-0.0062 
(ACDM-|-tensor; Planck TT-|-lowP) [9] (see Appendix B). Thus, one of the simplest and mo¬ 
tivated model, the SUSY hybrid inflation, has been excluded by recent precise observation 
at more than 2a level. This drives us to search for a more realistic and data-compatible 
models of inflation in supergravity. 


2.2 Small field inflation with a single chiral superfield 

In this thesis, we pursue mainly inflation in supergravity with a single chiral superheld. The 
method introduced and studied in detail in the next Chapter is useful to embed various kinds 
of inflationary models. For large field inflation, the formalism is particularly useful because 
corrections stemming from finite strength of stabilization to the leading order potential are 
well suppressed and controlled. Actually, it is virtually the unique method^ to realize large 
field inflation in supergravity with a single chiral superheld without tuning, to the best of 
our knowledge. On the other hand, there are studies on small held inhation using a single 
chiral superheld in supergravity. We here review such models or scenarios. 

2.2.1 SGoldstino inflation 

One such scenario is sGoldstino inflation, a minimal inflationary scenario [42,91,92]. Inflation 
requires positive energy, and it in turn requires SUSY breaking in supersymmetric theories, 
global or local. That is, the superheld driving inflation inevitably breaks SUSY at least 
during inflation. The inflaton can thus be identifled with sGoldstino held, the scalar partner 
of Goldstino, which is the analogue of Nambu-Goldstone boson in the case of the fermionic 
symmetry (supersymmetry). Recall the supersymmetric conservation equation [50,93] for 
the Ferrara-Zumino supermultiplet [94]. 

= X, (2.19) 

where Jaa the supercurrent, whose leading bosonic component contains the U{1)r current, 
the spinor component contains the current of supersymmetry, and the tensor part contains 

® There is also a way to obtain a viable inflationary model in which the only scalar in the theory is the inflaton 
imposing the nilpotency condition to the stabilizer superheld [89,90]. See Subsection 2.3.3. 
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the energy-momentum tensor, the current of translational symmetries of spacetime, and 
Y is a chiral superfield representing breaking of the conformal symmetry. The X can be 
represented by superfields in the theory uniquely in the UV up to an ambiguity corresponding 
to the degrees of freedom of the Kahler transformation [93]. The auxiliary component of X 
is the order parameter of SUSY breaking, and the spinor component of X is Goldstino in 
the IR [93]. The important point noted in Ref. [91] is that we can naturally identify X as 
the inflaton without specifying the details of microscopic physics. 

The X in the right hand side of eq. (2.19) flows into a constrained superfield ^Ynl in 
the IR [93], where / is the order parameter of SUSY breaking, such that it satisfies the 
nilpotency condition, 

= 0 . ( 2 . 20 ) 

This implies that the hrst scalar component becomes not a dynamical independent scalar 
held, but a Goldstino bilinear, 

CC 

^NL = ^ + ^290 + eOF, (2.21) 

2r 

where G is the canonically normalized Goldstino. The auxiliary held F has an vacuum 
expectation value (VEV) whose leading term in the Goldstino expansion coincides with the 
order parameter of SUSY breaking / up to a sign [93]. The proposal in Ref. [91] is to 

identify the RG how of X into as the inhaton trajectory. Depending on the hierarchy 

of the inhaton mass and the gravitino mass, the inhaton transforms itself to a pair of the 
longitudinal component of gravitino (essentially, Goldstino) [95]. 

This scenario is interesting in the sense that it depends only on the universal structure of 
the SUSY theory and does not depend on the detail of the model. Precisely because of this, 
however, it does not shed light on a concrete microphysical mechanism of inhation. In fact, 
it is just a scenario, and it is argued in subsection 3.3.1 of Ref. [42] that the simple models 
by the original authors does not work without tuning. 

If we completely identify Y as the inhaton, it remains to be the sGoldstino held after 
inhation, and the SUSY breaking scale is roughly same order as the inhation scale [91,92]. 
But in general, SUSY breaking driving inhation and the low-energy SUSY breaking can be 
independent phenomena. On the other hand, it is quite natural to identify the inhaton as the 
sGoldstino only during inhation in the case of F-term SUSY breaking. In this broad sense, 
all inhationary models with a single chiral superheld are models of sGoldstino inhation, and 
it has nothing to do with whether it is large held, small held, or hybrid inhation. In this 
sense, our new framework in the next Ghapter is also regarded as sGoldstino inhation, but 
as we discussed here, the philosophy and explicit implementations are quite diherent than 
the original proposals of sGoldstino inhation. 

Even if we deal with a single superheld inhation, sGoldstino inhation, there are realis¬ 
tically other sectors in the theory. We should check whether these other helds ahect the 
inhationary dynamics or not, or require they do not. In general situations, we have to solve 
multi-held dynamics during inhation, which is not an easy task. Various helds interact with 
each other at least the Planck-suppressed strength. On the other hand, sGoldstino decou¬ 
ples from other scalar helds by requiring that other helds keep sitting at their minima and 
preserving SUSY during inhation, e.g. the only SUSY breaking held (sGoldstino) is the in¬ 
haton [42]. Explicitly, we hrst change the held basis so that the only SUSY breaking held is 
<h and other helds collectively denoted by Y do not break SUSY: 7 ^ 0 and Gy = 0 at a 
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configuration point Y = Yq {Y = Uq)- Here we consider the F-term SUSY breaking. Second, 
we require that the latter condition is preserved along the inflaton trajectory, 

cI#Gy|y=yo = 9$Gy|y=yo = 0, (2.22) 

where dx is a shorthand notation of a derivative operation d/dx- This particularly means 
there is no kinetic mixing between $ and Y. It also implies block diagonalization of the 
mass matrix between $ and Y [42]. Under the above requirement (2.22), the general total 
Kahler potential, G = K + In |IUp, can be written as [42] 

G($,$,Y,Y) =Go(<h,$) 

+ ^ E y) + {y- yo){y - h, f)) , 

i>j 

(2.23) 

where Go, /, and h are real functions. The general mass formula of Y fields with this total 
Kahler potential was summarized in Ref. [42]. We only consider the simplest case here: there 
is only one field in Y, and the total Kahler potential can be (additively) separable, i.e. the 
functions / and h do not depend on the inflaton <h and its conjugate. The simplest case tells 
us basic features and essential things. The mass eigenvalues are [42] 

m||vi,=e=» (([|ip±l|() + 2|]) (2.24) 

where x = h~^{f — f^G^) and b = — 3. b is approximately the energy driving inflation 

in units of the gravitino mass, and x very roughly corresponds to the mass parameter of Y. 
During inflation, the value of b changes, so do the masses of Y. These should be positive, 

|a;| < 1 or |a;| > fc + 1, (or greater than the Hubble scale) during inflation. In the case of 

hybrid inflation, the sign change of these masses is an indication of the end of inflation. In 
more general cases not described by the total Kahler potential (2.22), a complete analysis 
involving complicated expressions, or model-specihc studies are required. 

2.2.2 Model with discrete i?-symmetry 

To obtain a flat potential, let us consider the condition to eliminate the mass term at the 
origin of the held space for a simple setup. Consider the minimal Kahler potential and a 
general superpotential at the renormalizable level (Wess-Zumino model [21]), 

K =$$, (2.25) 

W =co + cid) + (2.26) 

There are no reasons to restrict to the minimal Kahler potential at this stage, but a consistent 
discussion are given below. The potential up to the quadratic order is 

Hquad = (|c 2 |^ - 3|co|^) |$|^ + 2Re (cTcsd*^) - 3Re (coC24>^) . (2.27) 

Note that the terms proportional to |cip|<hp are cancelled each other: The coefficient of 
canonical kinetic term (1) from , a binomial coefficient (2) in the |IU$ + F^IUp part. 
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and the coefficient of \W\^ term (-3) add np to vanish, 1 + 2 — 3 = 0. Barring tnning, the 
qnadratic terms are eliminated by repairing cq, C 2 , and Ci or C 3 vanish. One can eliminate 
Co, C 2 , and C 3 with the assnmption of i?-symmetry nnder which <h is charged. Higher order 
terms in the snperpotential are irrelevant for the mass term at the origin, and higher order 
terms in the Kahler potential are also irrelevant thanks to the /^-symmetry. 

The /^-symmetry is not necessarily a continnons one, and we here take it as a discrete 
symmetry. The continnons U{1) /^-symmetry may be realized as an accidental symmetry. 
The discrete i?-symmetry n > 2 is snfficient to forbid the terms of zeroth, second, and 
third power. Instead, it brings U{l)ji breaking terms like $ 2 n+i^ _ _ _ ^ snper¬ 

potential. The general Kahler potential and snperpotential nnder the discrete /^-symmetry 
are 


PiQ 

(2.28) 

lU =^6,4)™+b 

(2.29) 


r 


The higher order terms proportional to have negligible effects on inflationary dynamics 
as long as they are not large, |a 2 ,o| < 3/8n(?7, -|- 1) and |ap^o| ^ C>(1) for p > 3 [68]. The 
terms proportional to with q > 1 are even higher terms and we neglect them. We take 
the terms in the snperpotential np to the next to leading order oc becanse we expect 
higher order terms are snppressed by higher powers of the parameter (oc bi) that breaks 
the U{1)r symmetry. In snmmary, we consider the minimal Kahler potential (2.25) and the 
snperpotential W = 6o*h -|- We can take these two coefficients as real withont loss of 

generality. Then, the scalar potential reads 

U {bl (1 - |<h|2 + \^\^) + 62|$|2n + 1)2 ^ ^2n - 1)|$|2 + \^\^) 

+2bobi (Red)") (n + 1 + (n - l)|d)p + |d)|^)) . (2.30) 

Assnming all the dimensionfnl parameters in the snperpotential are scaled by a single di- 
mensionfnl parameter n(<C Mq) with order 1 coefficients (in contrast to the terms in Kahler 
potential whose dimensionality is compensated by the rednced Planck mass Mq), the poten¬ 
tial can be approximated at |d)| < v ^ Mq as 

I/ = 6^ + 2Mi(n + l)(Red)"). (2.31) 

The qnartic term has been neglected assnming a snitable initial condition for n > 5 [68] . 

The potential is very flat near the origin, and it can be nsed as a hilltop-type new inflation 
model. Note that the hilltop model is consistent with the Planck constraint (see Figs. 12 
and 54 of Ref. [9] for the prediction of the qnartic {n = 4) hilltop model). ^ A complete 
analysis of the above model wonld reqnire two-held analysis becanse the potential near the 
origin is so hat that both scalar degrees of freedom in $ are light. Indeed, the mass sqnared 

Some comments are in order. For favored parameter region, inflation does not occur on the hilltop but at the 
edge of the hill or even on the cliff. It is misleading that the prediction of the quartic hilltop model asymptotes to 
that of the linear potential since the presence of only the constant and quartic terms is assumed in drawing the figure. 
To ensure the positivity of the potential, it must be deformed to create a vacuum, so the potential shape will look 
like quadratic near the minimum. Also, for the case of small VEV v, the spectral index is smaller than the 95% CL 
constraint. Higher powers n > 5 are still consistent with the observation. 
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eigenvalues for the real and imaginary parts, $ = (<;/) + ix) /are 


ml = 3V2{n + l)boh (</> - A ± y/502 - 20x + A^) , (2-32) 


and these are suppressed by the small held values during inhation. We will not go into detail 
of the multi-held behavior, and we neglect the imaginary part assuming that it is located 
at the minimum as an initial condition along the lines of Ref. [ 68 ]. Balancing the (Re<h”) 
term in eq. (2.31) with the term in eq. (2.30), the location of the minimum (VEV), 

V, along the real axis is derived as 


( _ ^5 _ 

V {n + l)bj 


(2.33) 


Note that the F-term of the inhaton <h vanishes at the vacuum. Also, the value of the full 
potential (2.30) is negative at the vacuum. 


V ~ 



(2.34) 


where we have dehned bg = Av^, so uplifting of the potential is necessary. In Ref. [ 68 ], 
F-term symmetry breaking with FI term^ [99] was used to uplift the potential. This does 
not ahect the inflationary dynamics constructed by F-term. On the other hand, uplifting 
by a constant term in the superpotential, which breaks the F-symmetry, was discussed in 
Refs. [42,70]. The constant to be added to the superpotential is Wq = —:;^Av^. This 
induces a mass contribution — 211 ^ 01 ^ 1 $^ and also the linear term — 260 ( 1 ^ 0 $ -|- lUo®)- Iii 
our case (as in Ref. [ 68 ]), this just perturbs the potential, but in the case of Refs. [42,70] in 
which bi is assumed to be suppressed not by v but by Mq,® the effect is signihcant so that 
inflation no longer happens. In such a case, the F-term uplifting is a solution to maintain 
inflation. 


2.2.3 Inflection point inflation 

In small held inflation, one does not have to tune the flatness of the potential along a very 
long trajectory. One can utilize an (accidental) extremal point such as a maximum, saddle 
point, or inflection point to realize inflation around the point. At the inflection point, the 
second derivative of the potential vanishes by dehnition, leading to a vanishing rj parameter. 
If we tune parameters so that the hrst derivative also vanishes at the inflection point, the 
other slow-roll parameter e also vanishes. 

Sets of parameters of the superpotential that lead to inflection point inflation was numer¬ 
ically obtained in Ref. [42] as an existence proof of working models of small held sGoldstino 
inflation. They used hve parameters taken to be real, which are the coefficients of the zeroth 
to hfth power in the superpotential, to satisfy hve constraints: (1, 2) The hrst and second 
derivatives of the potential with respect to the inflaton vanish at a point, which was taken 
to be the origin, (3) the height of the potential at the point is determined by the so-called 
COBE normalization, (4) There exists a minimum the inflaton settles in after the end of 

® Some issues on the FI term in supergravity are discussed in Refs. [96-98] and references therein. 

® The reason of the Planck suppressed terms are because of the expectation that all global symmetries are broken 
by quantum gravity effects. See e.g. Ref. [100] and references therein. 
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inflation, and (5) the cosmological constant vanishes there. In addition, is was checked that 
(6) the inflaton has a positive mass at the vacuum, (7) the non-inflaton held sits at its mini¬ 
mum and does not mix with the inhaton along the trajectory, and (8) its mass is larger than 
the Hubble scale, for the obtained parameter sets. 

One of the parameter set results in a SUSY preserving vacuum, but the other set leads 
to a SUSY breaking vacuum. For both of the parameter sets, the point where the e-folding 
is gained was found to be the inhection point. Inhection point inhation predicts the scalar 
spectral index too low (rig < 0.92) [42] to reproduce the results of recent CMB observations 
(see the end of Section 2.1). If one further tunes the parameter to suppress the cubic term 
at the inhection point, it can be modihed to become a maximal point, and the upper bound 
of the spectral index is pushed to a larger value, Ug < 0.95 [42]. This is allowed at the 2 ct 
level. The tensor-to-scalar ratio is much suppressed by the almost vanishing e parameter. 

2.3 Shift symmetry and a stabilizer superfield 

We review the standard method to describe inhation in supergravity in this Section. The 
approach based on a symmetry is introduced in Subsection 2.3.1. An additional superheld 
to the inhaton superheld is introduced to avoid negative potential in Subsection 2.3.2. 

2.3.1 Shift symmetry 

The main difficulty of embedding a positive and hat inhationary potential into supergravity 
comes from the exponential factor depending on the Kahler potential in the scalar poten¬ 
tial (2.2). The minimal Kahler potential leads to the exponential function and it is too steep. 
Making the coefficient of the exponent does not help because it is always one after canonical 
normalization. One can take a logarithmic Kahler potential to make the factor non¬ 
exponential, but the potential gets back to exponential form after canonical normalization. 
See the discussion around eq. (3.26). Even if one could hnd a good Kahler potential that does 
not have exponential dependence after canonical normalization, one still has to make sure 
that the potential is hat enough to avoid the Hubble-induced mass (the rj problem). Such a 
successful potential also receive radiative corrections and will be destroyed. The almost only 
way around this is to use symmetries to protect the structure of the Kahler potential. 

The clever way is to completely eliminate an inhaton candidate from the Kahler potential 
by virtue of a shift symmetry [36]. Let us consider the following shift symmetry, 

<F-)■ <F'= $ - m, (2.35) 

where a is a real transformation parameter. This is a matter of convention, and one can 
always change the direction of the shift in the complex held space. A function invariant 
under this symmetry must be a function only of the real part, iT(<F,<h) = iT(<F -|- $). In 
particular, the inhaton candidate (the imaginary part) does not appear in the exponential 
factor. We take this symmetry as a global symmetry. Note that this axionic symmetry is 
also used in natural inhation [101,102]. It may have the origin like U{1) symmetry at a 
higher energy scale, but we do not specify the origin of the shift symmetry. 

If the symmetry is exact, the superpotential must be a constant up to a factor absorbable 
by the Kahler potential, and the scalar potential becomes just a constant. Therefore, we 
must break the shift symmetry softly. It should be an approximate symmetry of the Planck 
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scale perturbed at the inflationary scale. It is a good idea to break the shift symmetry by 
the superpotential since it is more useful for generating interesting scalar potentials than 
the Kahler potential is. Smallness of parameters breaking the shift symmetry are natural in 
’t Hooft’s sense [37], i.e. the symmetry breaking is controlled by the small parameters such 
as inflationary scale in the superpotential, and symmetries are enhanced (the exact shift 
symmetry appears) in the vanishing limit of the parameters. We assume that inflation can 
be described supersymmetrically, i.e. SUSY is not broken above the inflationary scale." In 
other words, we assume that the constant term in the superpotential, which respects the shift 
symmetry, is at most as large as the inflationary scale. For typical models of chaotic inflation 
such as the quadratic model and Starobinsky model, the magnitude of the superpotential 
(the inflaton mass scale m) is fixed to match the amplitude of CMB anisotropy, and it is of 
order m ~ 0(10“®). 

There are no reasons why shift-symmetry breaking is present only in the superpotential. 
For example, quantum corrections produce shift-symmetry breaking terms in the Kahler po¬ 
tential. The lowest order term of such kind is AiT ~ m^5)<F. More generally, shift-symmetry 
breaking in the Kahler potential may have a different origin from the superpotential. For ex¬ 
ample, let us consider a shift-symmetry breaking term AiT = —|(<F —i>)^ following Ref. [107]. 
Suppose that the original theory without AiT leads to an effective single held potential Vb(x) 
where x = The deformed potential is 

U ~ e^>^Vo(x). (2.36) 

The scalar spectral index and the tensor-to-scalar ratio are given by 

n^ix) =^ s , o ( a ) + - \/2rQ{x)^X - (2.37) 

r{x) =ro{x) + 8V2ro(x)^X + (2.38) 

where the subscript 0 denotes the quantity in the absence of AK. Precisely speaking, the 
held value that corresponds to an e-folding number changes to induce same order corrections 
to the above formulae. We neglect this effect since we are now interested in the order of 
magnitude. Requiring that the corrections to the spectral index rig are much smaller than the 
current uncertainty of order 6 x 10“® (see Appendix B), the constraint on the shift-symmetry 
breaking parameter £ in the Kahler potential is 

£ <^2x 10“®, (2.39) 

assuming rg ^ 10“®. If we require that the corrections to the tensor-to-scalar ratio r are 
much smaller than the current upper bound of order 10“^, the constraint is not as strong 
as above, -C 4 x 10“® (for x = 15). But, if we require that the corrections to r are much 
smaller than e.g. 10“®, the constraint becomes severer, <C 4 x 10“^ (for x = 15) and 
£ <^1 X 10“® (for X = 5). 

These constrains not only parameters of inflaton potential but also coupling constants 
between inflaton and other fields, which inflaton may decay into to reheat the universe. 
This is because such couplings generate corrections to the inflaton potential in the effective 
Lagrangian after integrating out high momentum modes. For example, coupling like W ~ 

^ There are inflationary models with SUSY broken at a scale higher than the inflation scale. In particular, multi¬ 
natural inflation [103] in supergravity [104,105] by Czerny, Higaki, and Takahashi is a large-field model with a single 
chiral superfleld. See also Ref. [106] in the context of moduli stabilization. 
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c^HuHd induces the effective Kahler potential AK = with S ~ (^)^ln where A 
is the cut-off scale such as the reduced Planck scale Mq, and /i is the energy scale of the 
effective Lagrangian. For concreteness, we take S -C 10“^ and (|^)^ln ~ 10“^. Then, 

the constraint on the coupling constant c is 

c<10-h (2.40) 

For further discussion on the shift-symmetry breaking in the Kahler potential, see Refs. [107- 
109]. We conclude this topic here, and neglect the shift-symmetry breaking in the Kahler 
potential in the following. 

Before proceeding to Subsection 2.3.2, we comment on variants of shift symmetry in the 
literature. We have imposed a shift symmetry on one real scalar field in <F above, but what 
will happen if we impose two shift symmetries on the two real scalar fields in <F? Then, 
the potential on the entire complex plane of <F becomes ‘flat’ since the factor is just a 
constant number. The kinetic term for these fields are absent, and they are auxiliary fields. 
However, kinetic terms for $ can be restored by introducing a higher-derivative term in the 
Kahler potential without breaking the shift symmetries. This is exactly the situation studied 
in Ref. [110]. 

Li et al. proposed helical phase inflation in Ref. [111]. They considered theories with a 
global U{1) symmetry, and used the phase direction of a complex field in a chiral superfield 
as an inffaton. U{1) symmetry can be regarded as a special type of shift symmetry. The 
transformation is not a shift in the real or imaginary direction but the phase direction. In 
fact, U{1) transformation becomes the usual shift symmetry by field redefinition: 


$ = e'f’, 


(2.41) 

J <F -)■ 

(f/(l) transformation) 

(2.42) 

—)■ (j) + i9 

(shift transformation) 

A U{1) invariant combination becomes 

a shift invariant combination. 




(2.43) 


We will come back to these models after we introduce the stabilizer superfield. 


2.3.2 Stabilizer superfield 

The story does not end with the shift symmetry. Once we impose the shift symmetry on 
the Kahler potential, the potential tends to become negative in the large field region of the 
imaginary part (inffaton). This is because the Kahler potential appears not only in the 
exponential factor but also in the form of the inverse of the Kahler metric and the 
first derivative K^. Let us look into it more in detail. Take the minimal Kahler symmetry 
with shift symmetry. 

= + (2.44) 

Note that this leads to the canonical kinetic term for both the real and imaginary parts of 
the inffaton <F. Now, the scalar potential is 

U = eK^+*)' (^\W^ + ($ + $) _ 3|iy|2j . (2.45) 
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In this expression, Wq, and W depend on both the real and imaginary part of <I>. The 
point is that Kq, = ($ + $), which is the coefficient of W in the F-term SUSY breaking 
part, does not depend on the imaginary part (inflaton) due to the very shift symmetry. If 
it depended on the imaginary part, the strongest power of the imaginary part would be 
contained in the iT$IU part. Here and hereafter, we assume that the superpotential obeys a 
simple dimensional analysis Wq, ~ IU/<h in the large inflaton field $ (or Im$). Without the 
inflaton in the factor, the strongest power of the inflaton comes from two |IUp terms. 
Neglecting the subdominant term IU$, the potential possesses an approximate Z 2 symmetry, 
($ + $) —)■ —($ + $). Thus, its expectation value vanishes. In conclusion, the potential 
becomes negative and unbounded below, V ~ —3|IUp, in the large inflaton region, |<I)| 3> 1. 

This problem seems generic for other choices of Kahler potential. As far as the strongest 
dependence of the real part comes from the exponential factor, it is a good approximation 
to minimize the exponential factor instead of the whole potential to obtain the effective 
single field potential of the inflaton. The stationary condition of the real part approximately 
minimize the Kahler potential, and K also becomes stationary with respect to the real part, 
Kq> ~ 0. This is the same conclusion as above. The effective potential for the imaginary 
part becomes negative. 

A solution to this problem is to eliminate the negative dehnite term \ W\^ by introduction 
of a field S whose VEV vanishes, (S') = 0 [36,38,39]. This field is sometimes called the 
stabilizer field or the sGoldstino field because it stabilize the inflationary potential to be 
positive, and its F-term breaks SUSY during inflation. The superpotential is taken to be 
proportional to this field S. 


IU($,^) = ^/(<h), 


(2.46) 


where /($) is a holomorphic function of $. Because of the vanishing value of S', the superpo¬ 
tential W and its derivative IU$ with respect to the inflaton $ vanish too. The only nonzero 
part is what involves the derivative of the superpotential with respect to the stabilizer S'. 




s=s=o 


i/(<^>)r- 


(2.47) 


With this form, it is possible to describe almost arbitrary positive semidefinite scalar poten¬ 
tials in supergravity utilizing the functional freedom to choose /(*h). 

This method was used first by Kawasaki, Yamaguchi, and Yanagida in Refs. [36] for a 
Kahler potential and a superpotential. 


A:=^($ + <I))2 + ^S, (2.48) 

W =mS^, (2.49) 


and developed in Ref. [108]. These potentials are obtained by imposing a Z 2 symmetry 
under which both 4) and S' are odd, and the 1/(1)r symmetry under which only the S field is 
charged, in addition to the shift symmetry. The possible m^S'4>^ has negligible effects [108]. 
The real part has larger mass than the inflaton during large field inflation, and is rapidly 
damped. On the other hand, the real and imaginary parts of S field have comparable masses 
to the inflaton, but their effects to observables are negligible compared to the inflaton (the 
imaginary part of 4>) [36,108]. 

There are many works on inflationary model building etc. following Refs. [36,108]. See 
e.g. Refs. [112-119] and references therein. Among others, Kallosh and Linde generalized the 
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method to general superpotentials and Kahler potentials in Refs. [38,39], and studied the 
consequences of coupling the inflaton sector to the SUSY breaking sector (the KL model [120, 
121]) in Ref. [122]. Here we review the discussion in Ref [39]. Let us impose the following 
three symmetries. 



(Z 2 for ^), 

(2.50) 

4> - 4> 

(Z 2 for Re4>), 

(2.51) 

4> ->4) + ia 

(shift symmetry for Im4>), 

(2.52) 


where a is a real parameter. The superpotential (2.46) respects Z 2 for S because the sign 
change of the superpotential does not affect the potential, but breaks the other symmetries. 
Because of the Z 2 symmetry for S', the point S' = 0 is an extremum of the potential. We will 
derive the condition that it is a minimum. At S' = 0, there are no kinetic mixing between $ 
and S', = 0, and the potential becomes 

y = gir((-J-+4p,s=o,s=o)^ss^^^ ^ ^ _ 0, ^ = 0)|/(<h)|l (2.53) 

The inflaton $ enters in the Kahler potential in the combination (4) + $)^ because of the 
shift symmetry and the Z 2 for Re<I>. We assume the function /(<!>) = is a real 

holomorphic function, i.e. all the coefficients of its Taylor series expansion are real up to an 
overall phase. Then, |/($)p preserves the Z 2 symmetry for Re<h too. The scalar potential 
at S' = 0 preserves Z 2 for Re<h, so Re<h = 0 is an extremum of the potential. We will derive 
the condition that it is a minimum of the potential. The potential reduces to 

U =e^mo,o)xSS^Q^ g^ 0) |/(Hm<h) |2, (2.54) 

where we have set and $ to 0 (implying Im<h = 0) in the Kahler potential because it 
does not depend on the imaginary part, for simplicity of expression. It is always possible 
to normalize ^'(O, 0,0, 0) to 1 by a Kahler transformation. The factor is absorbed by the 
superpotential. Also, iT‘^'^(0, 0, 0, 0) is normalized to 1 for canonically normalized helds. 
Therefore, in terms of the canonically normalized field y = A/2Im$, the potential hnally 
becomes 


= f (a). 


(2.55) 


Let us compute the mass of the fields other than the inflaton at Re<h = S = S = 0. The 
first derivatives with respect to S vanish so the mass matrix factorizes to the 4) block and 
S block. Moreover, because 0 = has the Z 2 symmetry, the mixing between the real 

and imaginary part of 4) is absent. The mass of (j) is 


Kiiri — 2U I — Kgg^^K‘ 


ss 


+ e--„ 


where the slow-roll parameters are given by 


e 


1 

2 






XX 


V 



(2.56) 


(2.57) 


19 




2.3. SHIFT SYMMETRY AND A STABILIZER SUPEREIELD 


The second derivatives of the S sector at Re<h = S = S = 0 are 

Vss =V{3Kss - A'ssss^^). (2-58) 

VsS + «) ■ (2.59) 

The mass eigenvalues are obtained by diagonalizing these. In the simplest case in which 
Kahler potential depends on S and S only through SS, we can neglect the off diagonal 
component Vss and ¥§§■ In such a case, the condition that other fields than 

the inflaton x is rapidly damped to the minimum (origin) is recast in the following condition 
on the fourth derivative of the Kahler potential (curvature of the Kahler manifold). 

^ssss ~ ~ 3 - (2.60) 

Here we have assumed canonical normalization = 1, neglected slow-roll param¬ 

eters, and used the Friedmann equation, V = 3H^. 

In more general cases such that some of the symmetries in eqs. (2.50), (2.51), and (2.52) 
are not applicable, separate investigations are required model by model to confirm stability 
of other fields than the inflaton in the theory. 

Let us reconsider two variants of shift symmetry mentioned at the last of Subsection 2.3.1. 
The hrst is higher-superderivative theory obtained by imposing shift symmetries in both real 
and imaginary directions. The higher-derivative term introduced in Ref. [1101 is (in the global 
SUSY notation) 

f de'^cD'^^D^SDa^D'^S, (2.61) 


where c is a coupling constant, and S is the stabilizer (sGoldstino). The kinetic term of $ is 
generated when S breaks SUSY. Its F-term SUSY breaking is the coefficient of the kinetic 
term of $. With the superpotential W = S'/(<h), they obtained the Lagrangian density of 
the following form after setting S' = 0 (actually they used Akulov-Volkov SUSY S*^ = 0, see 
Subsection 2.3.3) and field redefinition ip = J /($)d<h, [110] 

^ _ |/($((^))P L _1_ 

This expression is not valid at /(*h) = 0. Assuming slow-roll inflation and neglecting deriva¬ 
tives, the leading derivative term is the canonical form, and the potential is the 

dominant term, C ~ — |/(<I>((p))p. This looks similar to the standard case (2.53), but the 
field redefinition may drastically change the shape of the potential. In fact, the superpo¬ 
tential of a monomial with an arbitrary power, /($) = leads to a fractional power 

potential, V = where 0 = \/2 |yI Is the approximately canonically 

normalized inflaton, and A^ = (2“"'(16c)“"'(n-|- 1)^"'A^)^/^"'’''^A The power of the potential is 
bounded as 0 < 2n/(n -|- 1) < 2 for non-negative n. 

Next, we translate helical phase inflation [111] into shift symmetric inflation reviewed in 
this Section. They studied a model with its Kahler potential and superpotential given by 

K =^^ + SS-((SSy, (2.63) 

IU=a| In $, (2.64) 
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where a is a coupling constant, and the quartic term of S is to stabilize the potential of S. 
The idea of the quartic term was present from early days [112,123,124], Its importance was 
recognized in inflationary context in Refs. [125,126]. This kind of the quartic term is often 
introduced in SUSY description of inflation [127,128]. Also, the quartic term is the key to 
realize large field inflation in supergravity without the field ‘S'’, which will be extensively 
discussed in Chapter 3. Setting S'=0, the scalar potential is 

U = ((Inr)^ + 6*^) , (2.65) 

where <I> = re*^. At the minimum of the radial part, (r) = 1, its mass is larger than the 
Hubble parameter H. Therefore, the potential of the phase part becomes 

U = (2.66) 

Thus, a simple quadratic term has been obtained. Modihcation of the superpotential leads 
to other potentials. Now we redefine the inflaton as in eq. (2.41), 4) = e^. In terms of r and 
6, the new (super)field is 0 = lnr + i6. The Kahler potential (2.63) and superpotential (2.64) 
are now 


K =e^+^ + SS- C{SSf, (2.67) 

W =aSe-U- ( 2 . 68 ) 

The Kahler potential for cj) is now shift-symmetric in the imaginary direction though the 
whole combination 0 4-0 is exponentiated. The exponential factor in the superpotential does 
not affect the potential for the imaginary part 6 because the inflaton dependent part in the 
exponential is the unphysical overall phase of the superpotential. Thus, the superpotential 
is essentially linear in the inflaton. This is why these K and W reproduces the quadratic 
potential. Results in Ref. [Ill] can be interpreted in terms of the shift symmetry. Both 
descriptions represented by eqs. (2.63) and (2.64) or eqs. (2.67) and (2.68) are equivalent. 
The question is which description is simpler or more natural. 

2.3.3 Nilpotent stabilizer superfield 

The stabilizer field S discussed in Subsection 2.3.2 is also the sGoldstino field, whose auxil¬ 
iary F-term breaks SUSY. If SUSY is non-linearly realized (during and after inflation), the 
sGoldstino field obeys the nilpotency condition (c/. (2.20) in Subsection 2.2.1), 

= 0. (2.69) 

This removes the fundamental scalar from the superheld S, and the leading component is 
replaced by the Goldstino bilinear (see eq. (2.21)). Along with this nilpotent stabilizer, 
inflationary cosmology becomes simplified because the bosonic sector contains the inflaton 
field but not the stabilizing scalar S. Such consideration was recently made in Ref. [89] in 
the context of the SUSY Starobinsky model, and it was promoted to more general cases 
in Ref. [90]. The idea was applied to uplifting the Minkowski vacuum to de Sitter one in 
Refs. [129-131]. Relations to superstring theory were discussed in Refs. [90,132]. 

In the standard linear SUSY case, i.e. the case in which S is not nilpotent, its scalar 
component may obtain a hnite value. It has to be checked that such a nonzero value of 
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S does not affect the inffationary dynamics along the conrse of inflationary trajectory. To 
stabilize it to the origin to simplify the scalar potential, the qnartic term of S is often 
introdnced in the Kahler potential [125, 128]. This kind of care is not reqnired if S is 
nilpotent simply because there are no dynamical scalar degrees of freedom in S. Because its 
leading component becomes fermion bilinear, it is irrelevant in the bosonic action, which is 
the essential part to describe inflation. Thus, after the standard calculation of supergravity, 
one may simply set S' = 0 as if the scalar component of S vanishes as far as the purely 
bosonic action is involved in the question [90]. 

The fermionic part would be complicated because of the non-linearity. The nilpotency 
condition leads to the Volkov-Akulov non-linear Goldstino action [20,133] with higher deriva¬ 
tive and higher fermion corrections [93]. On the relation between the nilpotency condi¬ 
tion (2.20) and the non-linear SUSY, see also Refs. [134-137]. Though it is complicated, 
the non-linear Goldstino terms are absent in the unitary gauge, in which the Goldstino is 
absorbed by gravitino and becomes its “longitudinal” components provided that we ensure 
that SUSY breaking is triggered solely by the sGoldstino direction, Gs ^ 0 and G/ = 0 
{I ^ S). This is the super-Higgs effect in supergravity [138,139]. 

An interesting feature of this class of models is that there are no higher terms in sGoldstino 
like S'^ or S'^S because of the nilpotency (2.69). The holomorphic terms S and S in the Kahler 
potential can be moved to the superpotential by the Kahler transformation. Therefore, the 
most general form of the super- and Kahler potentials are 

K =A:o($,$) + A:i($,$)^5, (2.70) 

W =Wo{^)+ Wi{^)S, (2.71) 

where <h here denotes other superfields than S collectively. For simplicity, we consider the 
case <F denotes one chiral superfield. The scalar potential of these general models is 

U = {K-^^ |lUo$ + KoMf + i^rWir - 3|lUoH . (2.72) 

We require D^W = Wq^ + Kq^Wq = 0 and DsW = lUi = ^ 0 at the vacuum. 

Then, the cosmological constant is U = Vq = and this should be a quite small 

number, Vq ~ 10“^^°. It is obtained by fine-tuning. 

The nilpotency (2.69) can be implemented by the method of Lagrange multiplier by 
adding the following term to the superpotential, W ^ W + AW, 

AlU = AS\ (2.73) 

where A is a Lagrange multiplier chiral superfield. The equation of motion of this superfield 
reproduces eq. (2.69). 

Following Refs. [39,131], let us simplify the analysis by assuming Kq = iFo((<h -|- $)^) 
and ATi = Ki{{^ + $)2), and that Wo($) = Woii^/^) and Wi = are real 

holomorphic functions. The assumption about Ki could be weakened because it is not 
exponentiated in contrast to Kq, but it ensures the symmetry (2.51). The point Re<h = 0 
is always an extremum. Let us first assume it is actually a minimum, and later check the 
condition. We can also take i7o(0) = 0 (rescale of the superpotential), iFi(O) = 1 (rescale 
of S), and = 1 (rescale of <h), without loss of generality since these functions does not 
depend on the inffaton value. The potential at 0 = Re$ = S' = = 0 is 

U=|IUo$P + |IUl|2-3|LFo|^ 

=2W^(x) + W,^(x)-3Wo^(x), 
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where x = is the inflaton. The hrst term in each line vanishes at the vacuum because 

of the assumption Dq>W = 0 at the vacuum and the Z 2 symmetry. The hrst derivative of 
the potential with respect to the inhaton at 0 = Re<h = S = S = Q is 

- QW^Wq. (2.76) 

This is small during inhation and has to vanish, = 0, at the vacuum after the end of 
inhation. It is satished if we take Wq = W[ = 0(= Wq^ = LUi$) at the vacuum. Because of 
the Z 2 symmetry, the real and imaginary parts of the inhaton do not mix with each other. 
The mass of the imaginary part (inhaton) y = Im$ at 0 = Re<h = S = S = 0 is 

=4 + 2 (w[^ + WiW") - 6 ) • (2.77) 

The slow-roll parameters can be calculated straightforwardly, but they are not as simple as 
eqs. (2.57). The mass of the real part (non-inhaton) 0 = Re$ at 0 = Re$ = S = S = 0 is 

=2K,^^V + - 3) |IUo^.|' - ^ {WoM + H.c.) 

+ + -^o##)) |Wd)P + - (hUo#$<i>f^o 4 + H-c.) 

+ {2Kq^^ + + -^o 4 >$) + |hPo-i'<i'P + ((-^o$ 3 > + + H.c.)) 

-2K{^K,^^\Wi\^ + (lUi$$IUi + H.c.)^ 

=2U - - 2) + 4Wo^ + - 2W"Wo - 4IU'W'" 

- 2K,^^W,^ + 2 IUf - m'{Wx 

~4W2 + 4 |y "2 _ - 2W"Wi, (2.78) 

where we have used the fact = -^ 04 - 4 ' = -^o 44 = 1 in the second equality, and the 

last equality is valid only at the vacuum since we have used U ~ 0 and Wg = IU( = 0 (see 
eq. (2.76) and the texts after it). To consistently neglect the real part, this mass should be 
larger than the Hubble scale during inhation. The mass squared has to be positive at the 
vacuum too. Let us turn to the fermion masses. The gravitino mass is 

gG/2 _ gi^o/2|^^| _ ^2.79) 


where we have followed the convention Kq = 0 at the vacuum in the second equality. The 
inhatino mass (at the vacuum) is 


eG/2 


V<i>G<j) + — 

O 


—2LUg^ + HoiTo<i>4> ) 


(2.80) 


where we have applied assumptions that $ does not break SUSY at all at the vacuum, 
and Z 2 symmetry of Red*, i.e. iTo$ = = 0. When we restrict ourselves to the case 

Lfg = 4(<|) + $)2 and Ki = 1, these formulae reduce to the results in Ref. [131]. The roles of 
the real and imaginary parts are opposite between ours and the reference. 

As we discussed in Subsection 2.3.2, originally the models with Wq = 0 had been studied 
extensively in the literature with or without the nilpotency constraint (2.69). A tiny SUSY 
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breaking or cosmological constant parametrically mnch snppressed compared to the infla¬ 
tionary scale can be realized if we introduce another sector unrelated to the inflation sector 
provided the inflation sector does not break SUSY in the Minkowski vacuum after infla¬ 
tion. For the purpose of describing both the inflation and present acceleration of the cosmic 
expansion in one sector, a single function Wi is not flexible enough because separation of 
scales is not easy. For example, one may try to describe a simple potential, U = Vb -|- 
with a simple function Wi = ^/Vq — [131], but the coefficient of the second term 

is enormously large because of the enormously small parameter Vb — Perturbation 

breaks down. Also, when the second term is dominant over the first one, the (|uartic term in 
the potential is more important than the quadratic one, U = Vb -|- 

The situation is changed when we introduce a new function IVo(‘h) which is not multiplied 
by the nilpotent stabilizer S. Take the same Wi with another parametrization, Wi = M — 
and a constant Wq. Then, the potential is U = (M^ — 3Wq) + 

If we take M somewhat larger than m, M > lbm/2\/2, the quartic term is subdominant 
compared to the quadratic term during the last 50 or 60 e-foldings of accelerated expansion. 
The cosmological constant can be cancelled by tuning the difference between and 3 LVq . 
In this argument, the nilpotency of S is important because S may develop a finite value 
when we arbitrarily introduce Wq though it could be stabilized by the higher dimensional 
term in the Kahler potential. In contrast, if S is nilpotent, its scalar component does not 
have a nonzero value unless the gravitino bilinear condensates (Subsection 2.5.2). 

Similarly to our discussion above, the generic cases with a real holomorphic function 
IVo and Wi were studied in Ref. [131] where examples IVo(‘h) = const. [129], LVo(‘h) = 
const. X Wi(<F) [130], and IVo(‘h) = const. -|- const, x LVi(<F) were presented. The above 
example with lVo(*h) = Wq (const.) and LVi(<F) = M — falls into the first class. Let 

us comment on the second class, LVi($) = 6LVo(^) with b a (real) constant. The scalar 
potential (2.75) becomes 


V = + (6^ - 3)LVo^ (2.81) 

so if we take b = \/3, the second term vanishes, 

V = 2IUo^ (2.82) 

Interestingly, this potential discussed in Ref. [130] is completely same as the one in our 
work [45], which will extensively discussed in Section 3.2 of this thesis, up to notational 
difference although the mechanisms to obtain the potential are different. As we saw above, 
the SUSY breaking scale is generically within an order of magnitude from the inflaton mass 
scale. This is because the gravitino mass, which is related to the magnitude of SUSY breaking 
at the vacuum by the condition of vanishing of the cosmological constant, is determined by 
the scale in LVo (see eq. (2.79)). To separate the scale of inflation and SUSY breaking, 
separation of the scales between LVi, which would drive inflation, and LVo, which would 
trigger SUSY breaking, is implied. However, it is non-trivial since these scales coincides at 
the vacuum, |LVip ~ 3|LVop (see eq. (2.75)). In the case of the models in Ref. [130] and 
Ref. [45], the potential depends only on the derivative of a function, so it is easy to adjust the 
SUSY breaking at the vacuum to any desirable value by adding a constant in the function, 
which does not change the potential itself. 
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2.3.4 Example: Higgs inflation in (SM, MSSM, and) NMSSM 


As an example of the mechanism employing shift symmetry and the stabilizer superfleld, and 
for preparation for an application in Section 3.6 of our mechanism presented in Chapter 3, 
we review Higgs inflation in the next-to-minimal supersymmetric standard model (NMSSM). 

There are many other examples and applications in the literature, and we do not cover 
them all. But it is worth mentioning in passing that there are particularly interesting class 
of models called “cosmological attractors” [41,140-142]. These do not refer to attractor 
solutions of a theory but to classes of theories whose predictions on inflationary observables 
(like rig and r) converges to some values in some limits of parameters in the theories. There 
are “attractor models” in theory space. We refer the interested readers to a recent paper [143] 
on a unihed understanding of attractor theories and references therein. The Higgs inflation 
we will discuss now is also at the attractor point. 

We start discussion on Higgs inflation in the standard model. The potential of the Higgs 
is controlled by SU(2)iXU(l)y, and its quartic term, which is dominant in the large held 
region, is not suitable for inflation consistent with observation. This would not be improved 
by simply adding higher order gauge invariant terms like [HH)^ or [HHY since these are 
steeper than the quartic term. Instead, the potential is flattened by non-minimal coupling to 
gravity like ^HHR [144], or by modiflcation of the kinetic term of Higgs [145,146] (running 
kinetic inflation [119,147]). We would like to emphasize that these two approaches are related. 
For example, in Higgs inflation with non-minimal coupling to gravity, the kinetic term of 
the Higgs becomes non-canonical after transition from the Jordan frame to the Einstein 
frame. In supergravity, these non-minimal coupling to gravity or non-minimal kinetic term 
are described by non-minimal Kahler potential. This fact was also clarifled in Ref. [148]. 

We begin with the Higgs inflation of the non-minimal coupling type [144]. 

E = - ^ (1 + 2^HH) R - d^Hd^H - X{HH - v'^/2f 

= - ^ (l + R - - ^(h^ - (2.83) 

where ^ is the non-minimal coupling constant between the Higgs H and Ricci scalar i?, A is 
the quartic coupling constant, and v is the VEV of the Higgs. Since three would-be Nambu- 
Goldstone bosons are eaten by the gauge flelds, we have rewritten it in terms of the physical 
Higgs, H = h/\/2. Under the Weyl transformation, held combinations transform as 

gfiu (2.84) 

(e =)a/^ (2.85) 

eR -^eRe^^ + {eg>^'^d^e-^^) . (2.86) 

Choosing = 1 -|- eq. (2.83) becomes 


C 


1 , Mh^-v^r 

2^ ~ 2(l + ^hT “ ■ 4(TTW 


(2.87) 


where we dehned the canonical normalized inflaton h = y 6 ^ sinh ^( a /.^(1 -|- 6.^)h) — 
a/6 tanh“^(\/6^h/ -^/l -|- ^(1 -|- Qi)h‘^) and its potential V . In the large held h S> a/^ and 
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large this behaves as h ~ a/ 3/2ln(l + or ~ [esf^^ — 1)/,^. The potential 
behaves as 

I/(h) - ^ (l - . (2.88) 

Since we want to embed the Higgs inflation with non-minimal coupling to gravity into 
supergravity, we consider non-minimal coupling of Higgs superflelds to supergravity. It can 
be written as an F-term invariant or a F-term invariant, 

y d^mSTlHuHd + H.c. =-\j d^02^(## - m)H^Hd + H.c. 

= - y / d202^(^# - 8n){H^Hd + HjTd) + H.c. (2.89) 


The operand of the chiral projection operator in the last line can be regarded as the “frame 
function” or the exponential of a Kahler potential. Motivated by this fact, we consider the 
following Kahler potential. 

= -3In y - ^ + \Hd\^) + I [H^Hd + Hjfd)^ , (2.90) 

where x is the constant parameter characterizing the non-minimal coupling. 

Einhorn and Jones tried to embed the Higgs inflation with non-minimal coupling into 
MSSM, but they fount that the potential becomes negative [149]. In the same paper, they 
proposed to embed it into NMSSM. Although the tachyonic mass problem of the singlet 
was subsequently pointed out [125,150], it is easily solved by adding a quartic term of the 
singlet [125,126]. Variants of Higgs inflation have been discussed e.g. in Refs. [145,146,151]. 

Let us briefly discuss the MSSM case. We do not repeat the original discussion, but 
provide a somewhat heuristic explanation. The reason why the model fails to realize large 
held inflation is essentially similar to the previous discussion in Section 2.3, but it is not 
directly compared since we have now several superflelds. It becomes clear by the following 
argument. In the strong coupling limit, a: 3> 1, the Kahler potential is dominated by the 
non-minimal coupling terms. We define a composite chiral superfleld $ = \/8xHuHd/‘2,. 
Neglecting the canonical terms, the Kahler potential and the MSSM superpotential become 


K ~ — 3 In ( 1 -I- — ($ -I- <h) ) , 


W ~ 


ys, 


-ju^ + Wq. 


X 


The scalar potential following from these potentials is 

4/^2 


V 


■a;2(/3 + ($ + $))2) 

y3a:2($ + l>)’ 


l_A(4 + 4)_3Re4L 
/3 /i 


(2.91) 

(2.92) 


(2.93) 


where the second equality holds in the large held limit, and the asymptotic expression re¬ 
produces the result in Ref. [149].® The potential becomes negative in the large held region. 

® It seems that eq. (3.10) in Ref. [149] misses a factor 2. 
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In the NMSSM, we consider the following Kahler potential and superpotential, 

K = -3\n(^l-^ + |^^|2 ^ |^| 2 ^ ^ I ^ ^ ^ (2.94) 

lU =\'SH^Hd + + Wo. (2.95) 

The quartic term of S is introduced to cure the tachyonic mass of the singlet S. Note that the 
singlet S of NMSSM can be naturally identihed with the stabilizer superheld S for inflation. 
We neglect the constant term Wo in the superpotential to simplify the analysis. This is 
valid when SUSY breaking scale is lower than the inflation scale. Since S is stabilized at the 
origin, the pS^ has no effect on the inflaton potential. Similarly to the previous exercise, we 
focus on the large x limit where only S and $ = '/3xHuHd/2 are relevant. Although S does 
not have factors of x, we should keep it since inflation is driven by its F-term. After these 
simplihcation, the Kahler potential and the superpotential become 


A' ~ - 31n (^1 + V (4 + 4) _ i|s|2 + I|S|4^ _ 


2 \' 

W 

\^X 


The resultant scalar potential is 


V ~- 


4A'2|$P 


3x2 (^l + j= (<h + l>)) 
A'2 / 2 

x^ 


2 ’ 


(2.96) 

(2.97) 


(2.98) 


where we have set Im$ = 0 and canonically normalized the real part, 2Re$ = a/S v — 1 

in the second equality. The potential of Higgs inflation or Starobinsky inflation has been 
successfully reproduced. Detailed analyses including masses of other helds we neglected here 
are found in Refs. [126,149,150]. We will use the method of replacing with <l> also in 

Section 3.6, where we will discuss some more justification of the method. 


2.4 Inflation with a iinear or reai superfleid 

In the previous Section, we see the framework utilizing a chiral stabilizer superheld. There is 
another method to embed inhation into supergravity without tuning. We review a framework 
utilizing a real linear or real superheld in this Section. 

Farakos, Kehagias, and Riotto revisited in Ref. [40] a supersymmetric version of i? + aB? 
(Starobinsky) model in the new-minimal supergravity [152] in the inhationary context. They 
consider the higher derivative new-minimal supergravity action and discuss its relation to a 
standard supergravity with a real (vector) superhelds. The chiral multiplet and the massless 
vector multiplet merges into a massive vector multiplet. This is a SUSY version of the Higgs 
mechanism. The imaginary part of the complex scalar in the chiral superheld is eaten by 
the gauge held in the real superheld. Thus, after Higgsing, there is only one real scalar held 
in the mass spectrum. This situation is desirable for inhationary applications because we 
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do not have to worry about the stability along other scalars than the inflaton. Although 
we have to eventually check it when we couple the inflaton sector to other sectors, but it 
is surely an advantage that the real and imaginary part in the same multiplet is separated 
(and the latter is eaten). The resultant potential of the scalar is that of the Starobinsky 

model, V = 3m? ( 1 — /4 where the inflaton mass is given by m = \/6gMQ with 

the gauge coupling constant g and the reduced Planck mass Mq. They also considered the 
effects of higher derivative corrections corresponding to the term. The coefficients of such 
terms have to be suppressed enough so that the sufficient e-foldings are obtained. 

Seemingly inspired by their work, Ferrara, Kallosh, Linde, and Porrati proposed four 
types of theories [41], two of which is old-minimal and the other new-minimal, and each two 
includes a theory of vector and a theory of tensor. These theories are related by a web of 
dualities and equivalent. To see applications to inflation, we first focus on one of the theories 
(old-minimal with vector multiplet), and later discuss other theories and their relations. 

2.4.1 Model with a massive vector multiplet 

Let us consider the following theory [41], 

c =-I lS„S„a{gV + A + A)]„ + J [W(, (2.99) 

where Sq is the chiral compensator, is a gauge coupling constant, >V(U) is the held strength 
of a real supermultiplet V, and A is a chiral supermultiplet. This has a gauge symmetry, 
V —)■ U — E — E and A —)■ A -|- gH. Gauge fixing A = 0, the theory contains only the real 
supermultiplet as well as the compensator, 

£=-^[SoS„!2(gn]o + l[WW]y. (2.100) 

Setting SqSqQ = 1, the bosonic part becomes Van Proeyen’s massive vector multiplet La- 
grangian density [153]. 

C = -^R- + h'\C)d,CdR - (2.101) 

where is the held strength of the vector boson B^j,, G is a real scalar, and J = | InD -|- 

const. For the scalar kinetic term to have the physical sign, the second derivative of the 

function J must be negative, J" < 0. Here, the gauge H-term is equal to J' (primes denote 

differentiation with respect to the argument), and the scalar potential is its square. 

To discuss inflation, let us neglect (integrate out) the massive vector with mass g\/—J". 


The scalar and gravity part of the Lagrangian density is 

£ = -)«+ lj"{C)(a,Cf - 1 /( 0 ), ( 2 . 102 ) 

with J” < 0. The potential and its derivatives are 

2 2 

V (2.103) 

V' =g^J'J" = g^DD? (2.104) 

V" =g‘^{J''f + g'^J'J'" = g'^{D'f + g'^DD", (2.105) 
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so the stationary condition U' = 0 imply J' = 0 at the vacuum, which in turn tells us that 
the potential vanishes at the vacuum U = 0. It is remarkable that the cosmological constant 
in this sector vanishes without hne tuning. Moreover, the mass squared of the scalar at 
the vacuum U' = 0 is given by V" = {gJ")^ > 0, so it is not tachyonic. The potential is 
proportional to the gauge coupling squared, so it must be small 1 to reproduce the 
amplitude of the fluctuation of CMB. Then, the quantum corrections are suppressed by the 
same small factor This is another advantage of this class of theories. 

The potential increases from zero when we go away form the vacuum. J' decreases from 
zero because J” is negative. The hrst derivative of the potential thus keeps being positive. 
The potential is a monotonously increasing function provided that J” < 0 continues to be 
valid. If the hrst derivative vanishes at some point, it indicates J” = 0 at the point because 
J' has been decreasing until that point from zero at the vacuum. At the point, the kinetic 
term of the scalar vanishes, and it becomes the unphysical sign when we proceed further. 
Therefore, the point where U' = 0 other than the vacuum is where the description of the 
theory breaks down. Turning it around, in the held range of validity of the theory, the 
potential is monotonously increasing away from the minimum. 

The scalar C is not canonically normalized. The canonically normalized scalar tp is 
determined by (d<p/dC')^ = —d^J/dC^. It can be rewritten as 


dp dD 
dC ^ 


(2.106) 


One can begin with the function J{C) and derive the canonical held p = p{C) and the 
D-term potential D{C{p)). Also, one may begin with a desired D-term D{p) and obtain 
C = C{p) and the function J{p{C)). Let us see examples in Ref. [41]. 


Example 1: quadratic potential Consider a quadratic potential, 

U = (2.107) 

in terms of the canonically normalized held p with H-term D = ^p. Using eq. (2.106), the 
relation between p and C is obtained, 

771 

P = -(C'-C'o), (2.108) 

g 

where Co is an integration constant corresponding to a choice of the origin of C. The function 
J is obtained by integration of D since J' = D = ^p = — ^C. 

9 

771 

J = - —(C-Co)2 +Jo, (2.109) 

2g^ 

where Jo is another integration constant corresponding to a conformal frame. One can easily 
conhrm that the sign of the kinetic term is canonical, J" = — ^ < 0. 

Example 2: Starobinsky-like potential Consider a Starobinsky-like potential, 

V' = d(c(l-ae-''^))t (2.110) 
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The D-term is given hy D = c(l — ae Using eq. (2.106), the relation between ip and C 
is obtained, 

pV / 1 \ 

^ ^ = 6 ln(-a62c(C' - Co)) j , (2.111) 

where Co is an integration constant. The function J is 

J = c{C- Co) + 4 ln(C' - Co) + Jo, (2.112) 

where Jo is another integration constant. It is easily checked that J" = — < 0, so the 

kinetic term has the physical sign. 

Higher order corrections to the theories were studied in Ref. [154] by the same authors. 
They considered the following generic correction terms, 

lU^IU^ 1'^ w2 f- \ f DW Y .7, ( Tn 

{n{gV)SoSoY Y {n{gV)SoSoY) Y {n{gV)SoSoY) WgV)SoSo) ^ 

(2.113) 

where ak,i,p is a real coefficient, S is the chiral projection operator, ^^nigV) is a Hermitian 
function, and indices satisfy n = 4 + 2K + 2Z + p with k,l,p > 0 {n > 4). The chiral 
compensator is inserted to make the total Weyl weight 2. This superconformal expression 
leads to the bosonic component Lagrangian density of the following form, 

_ DY^^DP^nigC), (2.114) 

where F~^ and F~ are self-dual and anti-self dual part of the field strength. The part of the 
bosonic Lagrangian density depending on the auxiliary D held is of the form 

C = Y^ + gJ'iC)D + J2^ng^^n{gC)D\ (2.115) 

n 

and the equation of motion of D gives the potential 

r = y(./'(C))" - + ■ ■ ■ ■ (2.116) 

n 

If we assume J(C) and J'{C) is of order one, the gauge coupling g is the scale of the 
inhaton mass (in units of the reduced Planck mass). To match the normalization of CMB 
huctuation, it should be of order 10“®. Unless in^n{gC) > 10^°*^”“^^ the correction terms 
are subdominant, and the tree-level analysis can be believed. 

2.4.2 Web of dualities 

Now, let us move on other theories related to the previous theory. What was called a 
superconformal master model in Ref. [41] is 

[S„S„li(l7)]^ + ? \L(U - jl/)|o + 1 [W{V)W(V )]^, (2.117) 
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where S'o and L are the chiral compensator and a linear snpermnltiplet, while U and V are 
real snpermnltiplets. Variation of this Lagrangian density with respect to the linear mnltiplet 
L yields an eqnation U = gV + A + A with A chiral. That is, the above theory (2.117) reduces 
to the previous theory (2.99) after elimination of L and U. They are classically equivalent 
theories. On the other hand, if we variate it with respect to the real mnltiplet U, we obtain 
an equation 

L = SoSoVl'iU). (2.118) 


Substituting this into eq. (2.117), it becomes 

L 




SoSoF 


SoSo 


-gLV 


D 


+ -[W{V)W(V)]^, 


where F is the Legendre transform of O, 


SoSo 


= n'{u)u -n{u), 


(2.119) 


( 2 . 120 ) 


evaluated with eq. (2.118). In contrast to a real linear snpermnltiplet whose vector compo¬ 
nent is constrained, a chiral snpermnltiplet can be variated freely. The real linear supermul- 
tiplet L can be expressed in terms of a spinor chiral snpermnltiplet L^. as 


L = 


( 2 . 121 ) 


In terms of these, —g[LV]D is expressed as 2g[L'W]F- Defining a new chiral spinor supermul- 
tiplet as Xa = W+QgLa^ — | 5 f[LU]£)-|-|[>VW]i? can be rewritten as —Qg‘^[L°'La\ + \[X°‘Xa\F- 
The latter term [XX] ^ is decoupled from other terms and has no kinetic terms. Therefore 
we neglect it. Finally, the theory becomes 




SoS^F 


^0 




D 


Gauge fixing the compensator, the bosonic part becomes 


£ = - + -ra^ca^c - 


( 2 . 122 ) 


(2.123) 


where [... ] denotes antisymmetrization. This is a theory of a real scalar C and a massive 
tensor as well as gravity. This is equivalent to the Lagrangian density in eq. (2.101) [41, 
155]. 

As we have seen above, the superconformal master model (2.117) is classically equivalent 
to the theories (2.99) and (2.123). It generates the former when we variate it with respect 
to L and the latter when we variate it with respect to U. Interestingly, the superconformal 
master model (2.117) is equivalent to another superconformal master model with a linear 
compensator. The master Lagrangian density is given by 




Ln In 


5o5o 


+ -LoJ{U) + L{U - gV) 


J D 


+ -[W(U)W(U)]^, (2.124) 


where Lq is the real linear compensator, L is another real linear snpermnltiplet, S'o is a chiral 
snpermnltiplet, and U and V are real snpermnltiplets. To show the equivalence between the 
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master models (2.117) and (2.124), let us rewrite the first two terms in eq. (2.124) since the 
latter two terms are also present in the old minimal version (2.117). 




Ln In 


'^Lo{ip — ip) 


(2.125) 


D 


where Lq is now an unconstrained real superfield. Variation of this with respect to ip ensures 
Lq is linear. On the other hand, variation of the Lagrangian density with respect to Lq gives 

Lo = (2.126) 


Substituting this into eq. (2.125), and redehning the chiral supermultiplets as Sq —>■ e*‘^''' 2 S'o 
and ^0 e“*‘^+ 2 S'o, it becomes 


SoSoe 




D 


(2.127) 


Relating J{U) and Vl{U) by an equation O = e~^oi J = —31nf2, equivalence of the two 
master actions are proven. 

The new-minimal master model, when variated with respect to L, yields U = gV -|-A-|-A, 
and reduces to a vector theory. 


2 


Ln In 




D 


+ -mv)w(v)]^. 


(2.128) 


If we instead variate it with respect to [/, the relation between f/, Lq and L is determined. 


L = --La'{U). 

Substituting this into eq. (2.124), it becomes a theory of the linear multiplet. 


(2.129) 




Ln In 


SoSo 


+ LoM — 


-9(7^ [L“L„]^, 


D 


where the function M is the Legendre transform of 77, 


M (A) = 1(J((7) - UJ'(U)), 


(2.130) 


(2.131) 


with U evaluated with eq. (2.129). The theories (2.128) and (2.130) are equivalent because 
these are derived from one master theory (2.124). 

To summarize this Section, we reviewed minimal inflationary models (2.99) and (2.123), 
both derivable from the master model (2.117) in the old-minimal supergravity, and mod¬ 
els (2.128) and (2.130), both derivable from the master model (2.124) in the new-minimal 
supergravity, which are all equivalent at least classically [41]. In particular, we studied the 
scalar sector of the model (2.99), and discussed the characteristics of the potential, canonical 
normalization, and relations between the H-term and the function J present in the action. 
A distinguishing feature of these models is that there is only one scalar in the theory, so 
once we construct a suitable inflationary potential, we do not have to worry about stability 
of other scalars in the inflaton sector. Moreover, we have seen that the inflaton potential is 
monotonously increasing function away from the minimum, where the cosmological constant 
vanishes without tuning, as far as the sign of the kinetic term of the inflaton is canonical. 
The higher order corrections to the action [41] are typically subdominant because of the tiny 
gauge coupling constant. See also related models [156] discussed after BICEP2 [157]. 
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2.5 Purely supergravitational theories 

Our proposal in Chapter 3 is to remove the stabilizer superheld to decrease the necessary 
degrees of freedom for inflation in supergravity without giving up possibilities to describe 
various kinds of inflationary models. By decreasing the degrees of freedom to one supermul- 
tiplet, we can have a minimal theory of inflation in supergravity as in Section 2.2, but we 
will see that we can describe large held inhation as well as small held inhation in Chapter 3. 
We here discuss other inhationary models from a bit diherent perspective on minimality. 

When we put something ‘by hand’ into a theory, it is often not natural or minimal. It is 
also the case for inhation. People put a scalar held, ‘inhaton’, by hand to explain accelerated 
expansion of the universe. It is elegant, however, if the theory of spacetime, (super)gravity 
and/or universe automatically explain the phenomenon. In this Section, we review such a 
kind of minimalistic approaches in gravity and supergravity though the number of degrees 
of freedom in the theory is not necessarily minimal. 

2.5.1 Starobinsky model and its SUSY extension 

An important example is the Starobinsky model [10,158-160]. Quantum corrections by 
matter loop generates higher order gravitational terms in the action. The second order 
curvature invariants are R^, and but one combination can be eliminated 

by the Gauss-Bonnet theorem. Also, Weyl tensor vanishes in FLRW spacetime, so the higher 
curvature terms up to quadratic order are expressed solely by R? term [161]. Then, the 
Starobinsky model is expressed as 

where m is a mass dimensional parameter of order m ~ 10“^. A propagating degree of 
freedom has been added to the General Relativity, in which two helicity states of graviton 
propagate. This higher derivative purely gravitational theory can be recast into the form of 
the Einstein gravity plus a real scalar held [162,163], 

e-'C = -\r- ^ - e-V575^)’. (2.133) 

The degrees of freedom match between the original and the new form of the theory. The 
scalar is sometimes called the scalaron. 

The equivalence between the Starobinsky model (2.132) and the model (2.133) is a par¬ 
ticular case of equivalence between f{R) gravity and scalar-tensor theories [164,165]. We will 
discuss generalization of the equivalence in supergravity below, so let us review the bosonic 
case now. Gonsider an f{R) theory. 


C = -ef{R). (2.134) 

As in the previous Section, we consider a ‘master action’, 

C = -e{f{Q)+AiR-Q)), (2.135) 

where Q is a scalar held, and A is a Lagrange multiplier scalar held. The equation of motion 
of the Lagrange multiplier is Q = R, and the Lagrangian density (2.135) reduces to that of 
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the original f{R) model (2.134). The point is that R is now linear in eq. (2.135). We may 
use the equation of motion of Q, i.e. A = f'{Q). The Lagrangian density is now 

R = -e {f{Q)R + f{Q) - f{Q)Q) . (2.136) 


Next, we rescale the metric (or vierbein) to move to the Einstein frame. Under the Weyl 
transformation, helds transform as in eqs. (2.84), (2.85), and (2.86). Choosing it as = 
{2f'{Q))~^, we can go to the Einstein frame with an emergent dynamical scalar. 


=e (^-^R - ^ . 


(2.137) 


The canonically normalized scalaron 0 is determined by the equation f'{Q) = ^ 

where 0o is an integration constant, and it corresponds to the freedom of the choice of 
the origin of 0. In the case of the Starobinsky model, f{R) = \R — y^R^i the scalar- 
tensor Lagrangian density (2.137) becomes eq. (2.133) with the choice 0o = 0. In this way, 
equivalence between f{R) theories (2.134) and scalar-tensor theories (2.137) is established. 
Although f{R) gravity is a higher derivative theory, it is clear that it does not have a ghost 
state (a state with unphysical sign of its kinetic term) in the scalar-tensor side. 

We will consider a supersymmetric version of the Starobinsky model from now on as 
one of the minimalistic way of describing inflation in supersymmetric theories. Since the 
Starobinsky model is a higher curvature (hence higher derivative) modified theory of gravity, 
its supersymmtrized version is necessarily a supergravity model, a local (gauged) version of 
SUSY. The Starobinsky was embedded in the old-minimal supergravity by Cecotti [166], and 
in the new-minimal supergravity by Cecotti et al. [152]. Equivalence between these higher 
curvature (higher derivative) supergravity theories and standard supergravity theories (with 
additional matter) was also established in each reference. These SUSY Starobinsky model 
was revisited after the Planck 2013 result [56,167] in Ref. [127] for the old-minimal case and 
in Ref. [40] for the new-minimal case. We will discuss these models later in this subsection. 

Cecotti developed rather general higher curvature action of the old-minimal supergravity, 
depending on supercurvature 77, its conjugate TZ, and superderivatives J2R etc., already 
in Ref. [166], and vacuum structure of generic higher curvature models, depending on 77 
and TZ, was studied by Hindawi et al. [168]. They also studied SUSY breaking in this 
extended supergravity sector and its mediation to the visible sector (like the MSSM sector) in 
Ref. [169]. Generally, interactions among various helds take place at least with gravitational 
strength in supergravity even if super- and Kahler potentials are decoupled. In the modihed 
supergravity case studied by Hindawi et al, however, soft SUSY breaking in the visible 
sector can be suppressed if one can ensure decoupling between matter sector and higher 
derivative supergravity sector in the 77-term action (~ Kahler potential). This possibility, 
SUSY breaking in the SUSY (supergravity) sector, is conceptually elegant and minimalistic, 
and was recently revisited in the inhationary context in Ref. [170]. 

Years later, a reduced class of modihed supergravity theories depending on chiral super¬ 
curvature 77 was rediscovered by Gates and Ketov [171]. The Lagrangian density is [168,171] 


C 


d^Q2^F{n) + R.c., 


(2.138) 
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and it was dubbed as F{1Z) supergravity (similarly to f{R) gravity). Developments of 
F{JZ) supergravity is reviewed in Ref. [172]. The present author with Ketov considered a 
generalization to include a spinor chiral superfield W containing Weyl tensor G, and a bosonic 
f{R,C) modified gravity [173]. The former is the general holomorphic pure supergravity 
theory in the old-minimal supergravity up to (super)derivatives. 

Analogously to the bosonic case, it is shown that this F(7l) supergravity is equivalent to 
the standard supergravity with an additional chiral superfield. First, we extend the theory 
with a Lagrange multiplier T, 

C= / d202^ (F(Q)+T(Q-77))+ H.C., (2.139) 


where Q and T are chiral superfields. The equation of motion of T let it back to the original 
theory. On the other hand, the equation of motion of Q tells us T = —F'{Q). We implicitly 
solve the inverse Q = Q{T), and the theory becomes 

C= j d^02^ Q - 877) T + W{T)^ + H.c. 

= J d^02^ - 877) + W{T)^ + H.c., (2.140) 

where we have used the fact that f d^2(F — 877) (S' — ^) -|- H.c. is a total derivative for 

any superheld S [139,168]. The superpotential of the ‘scalaron superfield’ T is given by the 
Legendre transform of F{Q), W{T) = F{Q{T)) + Q{T)T, and the Kahler potential of T is 


K 


—3 In 


(V)' 


(2.141) 


This is the standard supergravity with a chiral superheld T of the no-scale type Kahler 
potential. Therefore, the number of bosonic and fermionic degrees of freedom of the standard 
supergravity, 16 -|- 16 off-shell and 2-1-2 on-shell, has been increased to 20 -|- 20 off-shell and 
4-1-4 on-shell. Also, there are no ghost states in the theory. 

Unfortunately, large-held inhation (of the Starobinsky-model type) in this theory is found 
to be difficult. Discussions [128,174-176] are compelling, though not exact proofs. Simply 
summarizing, the reason is as follows: to obtain an asymptotically hat (scale invariant) 
potential, the power of the superpotential (assumed to be dominated by a monomial term) 
must be 3/2 in the “scalar-tensor supergravity” side (or equivalently F{1Z) 77^), but the 

resultant scalar potential is negative, or a negative norm state (the unphysical kinetic sign) 
appears. Extensions including super derivatives of supercurvature 77 involve ghost states [166, 
175], so not promising. 

A successful supergravity embedding of the Starobinsky model is found in generic higher 
order pure supergravity depending on 77 and TZ [166,168,175], 

c = j d‘^Q2^ - 877) N{n, n) + F(77)^ + H.c. (2.142) 

The bosonic part of the action was studied in Refs. [168,175]. See also Ref. [177] where the 
simple case N oc RR + const, was studied at linearized level, and propagating degrees of 
freedom were identihed. The above higher derivative supergravity theory (2.142) is equivalent 
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to the standard supergravity with two additional superhelds. The procedures to show the 
equivalence are similar to the previous examples, so we skip them and refer the readers to 
e.g. Refs. [166,178]. The number of the bosonic and fermionic degrees of freedom is now 
24 + 24 off-shell and 6-1-6 on-shell. In spite of the higher derivative action, it is a ghost-free 
theory, and the absence of ghosts are clearly shown by the fact that it is equivalent to the 
standard supergravity with the standard chiral matter. The latter Lagrangian density is 
given by 


C= j - 877) e-^/3 ^ S)J + H.c., (2.143) 

where T and S are the two chiral superhelds. Their super- and Kahler potentials are given 
by 


K 


— 3 In 


^ + T-2N{S, S)^ 


W =ST + F(S). 


(2.144) 

(2.145) 


The origin of T is the Lagrange multiplier. In the application to the Starobinsky model of 
inhation, S plays the role of the sGoldstino (stabilizer) in Section 2.3. It is remarkable that 
the dependence on T is completely hxed by the structure of the theory. For example, it 
appears linearly both in the super- and Kahler potentials. This feature is preserved even 
when we couple this higher supergravity sector to other matter sectors [169,223]. On the 
other hand, S enters in the super- and Kahler potentials with generic functional forms. The 
functions N and F in eqs. (2.144) and (2.145) are same as these in eq. (2.142). 

One may naively expect that generic functions N{TZ,1Z) and F{TZ) result various powers 
of Ricci scalar R. This is not true, and the schematic form of the Lagrangian is £ ~ 
Cq{X) + Ci{X)R + C 2 {X)R^, where Ci(X) denotes field dependent coefficients, and X 
collectively denotes other fields in the theory. This is because Ricci scalar R is contained 
not in the leading component but in the 00 component of the superfield 77. Therefore 
there are at most second powers of R unless one introduces superderivatives of IZ and TZ. 
Here is an interesting and important point. The generic higher (super)curvature supergravity 
theories (2.142) without superderivatives on 77 and TZ lead to the quadratic curvature gravity, 
which can be a suitable arena to realize the Starobinsky model. 

But why do the superderivative terms vanish? This is the SUSY version of the question 
in the original (bosonic) Starobinsky model: why do higher order curvature terms R^ with 
n > 3 vanish? This is a weak point in the Starobinsky model. In the context of asymptotic 
safety scenario of quantum gravity [179], smallness of the inverse of the coefficient of the 
second order term R^ can be understood as a consequence of existence of asymptotically free 
UV hxed point [180]. Or perhaps the smallness is just by accident. But there are in general 
no known reasons or mechanisms for an expansion series continued to some order (second 
order in our case) with an expansion parameter (the large ~ 10^° in our case) stops 
there® except in the cases of quantum anomaly and renormalization of the gauge kinetic 
function in SUSY theories. Instead of being absent, the higher order terms may be present 
but suppressed. The potential of Higgs inhation [144], which asymptotes to that of the 
Starobinsky model, is protected by the scale symmetry [181]. A similar argument is possible 

® These points were stressed to the author by T. Kawano and K. Kohri. 
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for the Starobinsky model. See e.g. Refs. [182-188] for this kind of approach. Another inter¬ 
pretation of the pecnliar form of the Starobinsky model based on extra dimensions is fonnd in 
Ref. [189]. Anyway, it can be said that data are snggesting and favoring the Starobinsky-like 
flat inflationary potential, and it is interpreted, in the pnrely (snper)gravitational approach, 
that the higher order terms are somehow suppressed to the negligible level. This approach 
is phenomenological, and the mechanism, if exists at all, should be understood eventually. 

A particular choice of the functions N and F suitable for realization of the Starobinsky 
model was studied by Kallosh and Linde [127]. It is specified by 

N = -3 +^.nn-^(Tznf, ( 2 . 146 ) 

F =0, (2.147) 

where m is a mass dimensional parameter of order 10“® corresponding to the inflaton mass. 
The constant term is the same as the Einstein supergravity whereas the quadratic term 
generates the term. We will explain the role of the quartic term below. The role of 
the inflaton is played by the real part of T. This is essentially the scalaron in the original 
Starobinsky model. In the absence of the quartic term in eq. (2.146), S becomes tachyonic 
in the large inflaton region. It is stabilized by the SUSY breaking mass term (GsGsSS 
since the sGoldstino S breaks SUSY during inflation. This is the reason to introduce the 
quartic term. Then, S can be integrated out, and the mass of the imaginary part of T is also 
larger than the Hubble parameter during inflation. The inflationary trajectory is effectively 
of the single-field type, and the Starobinsky model is reproduced. 

In the above example, we have not exploited degrees of freedom in the theory. There 
are possibilities to use other helds, ImT and the real and imaginary parts of S, to describe 
different inflationary scenarios or the present accelerating expansion of the universe (dark 
energy). Supersymmetrization of some bosonic inflationary models or modihed theories of 
gravity not just adds fermionic superpartners, but also provides scalar superpartners and 
sometimes additional multiplets too. The SUSY Starobinsky model is an example of this. 
Inspired by the announcement of detection of i?-mode polarization of CMB of the primor¬ 
dial origin by BICEP2 [157], several people including the author examined the possibility 
to realize quadratic inflation in the SUSY Starobinsky model [190-193]. We noticed that 
the potential in the ImT direction is quadratic, which looks suitable for chaotic inflation 
generating the tensor-to-scalar ratio of order 0.1. The potential of S is unstable without the 
stabilization, but it becomes so steep in the large ReT domain after the stabilization without 
tuning that S quickly settles to the origin. In the smaller region of ReT, modification of 
the super- and Kahler potentials of S leads to curved inflationary trajectories and/or local 
minima with cosmological constants. Note in passing that this feature is positively accepted 
in Ref. [170] in which the Starobinsky-type inflationary model leading to a SUSY breaking 
vacuum with the vanishing cosmological constant with tuning. We found it not so easy to 
produce the quadratic potential in the S sector, so let us focus on the complex T sector. 
For simplicity, we stabilize S strongly enough so that it vanishes and decouple from the 
inflation sector. Alternatively, the same effective theory can be described by Akulov-Volkov 
supergravity [89], where the sGoldstino S obeys the nilpotency condition, 5^ = 0 [93]. The 
two-held analyses of the model were performed in Refs. [191-193]. In contrast to the appar¬ 
ent quadratic potential, inhationary dynamics is not the quadratic type, but the Starobinsky 
type. This is because the real and imaginary parts are mixed to and interact with each other. 
The steep exponential potential of ReT in the hnite ImT region strongly drives the held to 
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too large ReT direction for canonically normalized ImT to drives qnadratic inflation. For 
quadratic inflation to take place, the potential should be modihed so that the real part is 
strongly stabilized at a constant value [190-192]. With such a modihcation, however, the 
theory is no longer related to the pure higher derivative supergravity [191] (but see Ref. [190] 
too). Finally we mention that the stabilization mechanism is also employed in our proposal 
in Chapter 3. 

As mentioned at the beginning of Section 2.4, the counterpart on the SUSY Starobinsky 
model in the new-minimal supergravity was studied by Farakos et al. [40]. They considered 
the following pure supergravity. 

£ = 5 [UVAo + ^ mVn)W(,V ^)]^, (2.148) 

where the real supermultiplet Vr is dehned in terms of the linear compensator Lq as follows 
(c/. eq. (A. 8)), 


This multiplet contains graviton, gravitino, and “would-be-auxiliary helds” in the new- 
minimal supergravity. Fixing the superconformal gauge freedom, the Lagrangian density 
in terms of curved superspace is [40] 

c = jd^e2S (^-^^s>Vr + ^w{yR)w{yR^ + h . c . ( 2 . 150 ) 


The former term is the FI term of Ur, which is the Einstein supergravity term containing i?, 
and the latter term is the kinetic term of Ur, which produces the correction. 

Similarly to the previous examples we have seen many times, it can be rewritten as the 
standard supergravity with additional matter. In the intermediate (or “master”) theory, 
>V(Ur) is replaced by W(U), and the term [L'{V — Ur)]^ is added, where U is real and L' is 
real linear. The equation of motion of L' equates U and Ur up to shift (gauge transformation) 
by the real part of a chiral supermultiplet, U = Ur —ln<h—Ind) with $ chiral. Eliminating U 
reproduces eq. (2.148), while eliminating Lq via eq. (2.149) gives us an alternative expression, 

^ = -1 po5o$e'"<l>ln($e'"<F)]^ + ^ [W(Ur)W(Ur)]p . (2.151) 

This is the standard matter-coupled gauged supergravity with the Kahler potential 

a: = -31n |^-^$e^$ln 


(<Fe'^<h) 


(2.152) 


2.5.2 Inflation driven by gravitino condensation 

All of the above examples in this Section are about Starobinsky model and its SUSY ex¬ 
tension, and the role of the inflaton is played by the scalar mode (scalaron) in metric. 
In supergravity, the bound state of gravitinos can be an inflaton [194-196] (see also a re¬ 
view [197]). In this novel scenario, the gravitino meson held a rolls down on a one-loop 
effective potential. During the slow-roll, the meson develops a hnite value, and it represents 
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gravitino condensation. Inflation is a process of phase transition to the vacuum with nonzero 
gravitino condensation. The bound state of a pair of gravitinos as an inflaton is thus absent 
before the phase transition, and inflation is actually the process of emergence of the inflaton. 
The torsion term in supergravity is the four-gravitino interaction term, [197] 

^Ctorsion = - J 

o 

=As ^ + Aps {VlbiJp) ^ + Aav ^, (2.153) 

where we have used Fierz identities in the second equality, and the coefficients are constrained 
so that As — Aps + Aav = —3/4. There are two remaining ambiguous degrees of freedom 
in the parametrization above, and this issue was discussed in Ref. [197]. The above terms 
are dimension six operators, and they are implicitly multiplied by the inverse square of the 
reduced Planck mass. This coupling constant R can be made larger than k = if we 
introduce a dilaton 0 while keeping the coefficient of the Einstein term unchanged. Actually, 
this is required for the Hubble scale during inflation to match the observational bound, 
H < 0(10^®) GeV. A typical value in Refs. [194-197] is R = e~'^K ~ (10^ ~ 10^)k, and 
the dilaton is supposed to be stabilized by an unspecified mechanism. Let us focus on the 
scalar bilinear part since it is relevant for cosmological discussion. To linearize the gravitino 
bilinear, we introduce an auxiliary held cr, which will eventually becomes a propagating 
degree of freedom - inflaton, like 

I ~ (2.154) 

Substituting the equation of motion of a in the right-hand side reproduces the left-hand side. 
Nonzero value of a is interpreted as a dynamically generated mass contribution. 

The effective Lagrangian density describing the meson a is given by [197] 

>Cefr = -^^d^adpa - V;fr(cr), (2.155) 

where Z[a) is the so-called wave-function renormalization factor, schematically represented 
as 


Z ~ 



(2.156) 


where we have identified the cut-off scale as the reduced Planck mass Mq, and the effective 
potential integrating out graviton and gravitino at one-loop is of the form of the standard 
“wine bottle” or “Mexican hat” symmetry-breaking potential consisting of positive quartic 
term and negative quadratic term with some logarithmic terms. The exact expression in¬ 
volves many numerical factors, and we refer readers to the original papers [195,197]. The 
wave-function renormalization factor is of order one at the minimum, but it is tremendously 
large near the origin. It helps flattening of the potential in terms of the canonically normal¬ 
ized inflaton, a ~ '/Za. Expanding the potential around the origin of a, it is approximated 
as the tree-level one. 


Ueff = /' - + ..., 


(2.157) 
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where / is the SUSY breaking order parameter, which is the vestige of Volkov-Akulov La- 
grangian [20,133] after the super-Higgs effect [138,139], and dots represent loop-induced 
higher order terms. SUSY breaking mechanism is not specified here. It may be triggered by 
F- or D-term of some matter superfields. Inflation is driven by the SUSY breaking energy 
/^, and it is classified as hill-top inflation. 

To summarize this Chapter, the score sheet of the methods for inflation in supergravity 
discussed in this Chapter is presented as Table 2.1. 

Table 2.1: Score sheet of various ways of inflation in supergravity. A check mark indicates that the 
method can describe a small or large field inflationary model, or an arbitrary potential depending 
on the column. The column oi F/D shows that inflation is driven by the F or D-term. Our 
new method discussed in Chapter 3 as well as the standard D-term inflationary models are also 
included for comparison. MD, broken(*), and preserved(*) denote model-dependent, generically 
broken, and preserved by tuning, respectively. 


section 

method 

small 

field 

large 

field 

arbitrary 

potential 

number of 
scalar d.o.f. 

F/D 

SUSY after 
inflation 

2.2.1 

sGoldstino inflation 

/ 



2 

F 

broken 

2.2.3 

(inflection point inflation) 

/ 



2 

F 

MD 

2.2.2 

discrete R symmetry 

/ 



2 

F 

preserved 


shift symmetry and 







2.3.2 

stabilizer superheld 

/ 

/ 

/ 

4 

F 

preserved 

2.3.3 

stabilizer (nilpotent) 

/ 

/ 

/ 

2 

F 

broken 

2.4 

vector or linear multiplet 

/ 

/ 

/ 

1 

D 

preserved 

2.5.1 

SUSY Starobinsky 


/ 


4 

F 

preserved 

2.5.2 

gravitino condensation 

/ 



1 

MD 

broken 

- 

U-term inflation 

/ 

/ 


MD 

D 

preserved 


quartic term 







3.1 

in generic K 

/ 

/ 

/ 

2 

F 

broken(*) 

3.2 

in no-scale-like K 

/ 

/ 

/ 

2 

F 

preserved(*) 
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Chapter 3 

Inflation in Supergravity with a Single 
Chiral Superfleld 


In this Chapter, we discuss our new alternative framework to embed inflation (including large 
held models) into supergravity without using the stabilizer superfleld. Thus, the proposed 
class of models requires only a single chiral matter superfleld, i. e. one including the inflaton 
in its lowest bosonic component. In contrast to many existing attempts for inflation in 
supergravity with a single chiral superfleld, we utilize the quartic term in the Kahler potential 
to stabilize the non-inflaton part of the complex scalar held which includes the inflaton. The 
stabilization mechanism is similar to the case of stabilization of the stabilizer superfleld in the 
double superfleld approach. Our method invokes renewed interests to the single superfleld 
models of inflation. Because of the stabilization mechanism, it effectively reduces to single 
held inflationary models. When tuning is allowed, it is possible to approximately embed 
arbitrary positive semi-definite scalar potentials of a real scalar held into supergravity. 

3.1 Basic strategy and implementations 

As we saw in the previous Chapter, two difficulties of implementation of positive flat potential 
in supergravity are the exponential factor and the negative definite term. We impose shift 
symmetry in the Kahler potential as in the usual approach in the literature. Once imposing 
the shift symmetry, the potential tends to become negative in the large field region of the 
inflaton. In the standard approach, one introduces a vanishing field to suppress (actually 
eliminate) the negative definite term proportional to the superpotential squared in the scalar 
potential. It is also possible to enhance the positive definite term (F-term SUSY breaking 
part) in the scalar potential so that it becomes larger than the absolute value of the negative 
term. 

From naive dimensional consideration, the superpotential term |hFp dominates its deriva¬ 
tives |1U$P in the large field region. For example, polynomial super potentials W = Wh* 
generically have this property. Therefore, we require that the coefficient of the former term 
be positive, 

> 3. (3.1) 

This is a crucial condition, and may be the most important equation in this thesis. We have 
to satisfy this inequality by somehow adjusting the expectation value of the non-inflaton 
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field cj) = ($ + 5))/a/ 2 to have a positive potential in the large held region. In the follow¬ 
ing, we consider two representative forms of Kahler potential, namely the minimal one and 
logarithmic one, and their deformations. 


3.1.1 Minimal Kahler potential 

Consider the following Kahler potential, 

A- = 1 (4 + 4)" , (3.2) 

Its derivative is = $-!-$. If we can ensure that the expectation value of the non-inhaton 
/=($-!- I>)/a/2 is large enough to satisfy (3.1), the potential becomes positive. Suppose 
that /’s value is somehow hxed to during inhation as we provide such a mechanism 

later, the scalar potential becomes 

1/ + 2^oW\^ - 3 \Wf) 

=6^^° (|IK$/ + 2^0 {WW^ + WW^) + (4<h2 - 3) \Wf) . (3.3) 

Now, the superpotential is the function of $ = <ho + ixlV^, where x = ($ — $)/2z is the 
imaginary part (inhaton). The condition (3.1) reduces to <ho > V3/2. 

For illustration, let us take a monomial superpotential. 


W = 


(3.4) 


Then, the scalar potential becomes 


l/ = e»S|c„n4j ■ 


(*0 + + < + i< + l (44? - 3) x") . (3.5) 


In the case of a generic polynomial. 


= J]c„4", 


(3.6) 


the potential becomes 


K = e^'^o 




+ 2<l>0 + H.c.) + (4$2 - 3) 


n,m 


E'”*’ 


For example, if we take a linear (Polonyi-like) superpotential, 

W = Wo + m<F, 


(3.7) 


(3.8) 


the potential is 

1/ = F (44? - 3) (x - ,Xo)" + ((44? - 3)^2 + (84? - 24„)W„ + 44? + 4? + l) V 

(3.9) 
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where xo = — •s/2Im(Ho/m) is the VEV of x and Wq = Re(Ho/m). When one first fix the 
phase of so that the Kahler potential becomes the fnnction of the real part 0 = ($ + $)/a/ 2, 
one can not rotate away the relative phase of m and Wo, so the xo may be a nonzero 
valne. The cosmological constant can be eliminated by tnning the constant term Wq in the 
snperpotential as follows. 


Wo = 


-4$^ + $0 ± v/3 

44 ) 2-3 ■ 


Redehning the origin of the inflaton as x ~ Ao = Aj the potential hnally becomes 

T / 1 ~ 2 ~2 

V = -m X , 


(3.10) 


(3.11) 


where fh"^ = e 2 ^o( 4$2 _ jg mass of the (canonically normalized) inflaton x- This 
qnadratic potential can be nsed in the chaotic inflation scenario. After inflation, SUSY is 
broken by inflaton’s F-term. Therefore, SUSY breaking scale coincides with the inflation¬ 
ary scale. The inflationary scale of qnadratic inflation (as well as Starobinsky inflation) is 
abont 10^^ GeV, and snch a high scale SUSY breaking gives large qnantnm correction to 
Higgs mass [198]. It may be marginally allowed assnming anomaly mediation of gravitino 
mass into gangino mass and gangino mediation of gangino mass into sqnark and slepton 
mass taking into acconnt large nncertainty in the strong conpling constant and top qnark 
mass. Alternatively, particles beyond the MSSM may partially cancel the Higgs self energy 
correction. In addition to the Higgs mass concern, high energy SUSY breaking typically 
leads to too mnch energy density of dark matter becanse the nentralinos are heavy. They 
may be dilnted by thermal inflation [199] or decay throngh i?-parity violating interactions. 
Although these problems are present, it is interesting possibility that the inflaton breaks 
supersymmetry at the inflationary scale. 

It is possible to embed other inflationary scalar potentials. To show the wide capacity of 

the mechanism, let us consider the potential of Starobinsky model, U(x) = ~ g-A//^x 

Its prediction of the small tensor-to-scalar ratio is in sharp contrast to the quadratic poten¬ 
tial we have just discussed above. The potential has a very flat plateau and its embedding 
into supergravity is a priori non-trivial. Let us consider the snperpotential 


W ^m{b- j . 


(3.12) 


Provided the real part is stabilized at / = a/24>o, the scalar potential of the inflaton x is 

U = (^(44)2 - 3) (Re6 - + (2<l>olmb - V2ae-^^y - 3 (Im6)^^ . (3.13) 

When 4)g > 3/4 or 4 )q < (3 — a^)/4, there are two solutions of b for the potential to coincide 
with the form U oc (1 — where the proportionality coefficient is a constant. The 

latter choice leads to the negative potential, and hence we disregard it. The exact forms of 
the solutions, b = b{^o,a), are lengthy, and it is not worth reproducing it here. When we 
satisfy the condition, the potential reads 

U = (4$2 _ 3 + ^2^ (1 _ £-0x^2 _ 
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V 



Figure 3.1: The deformed Starobinsky potential (3.14). The parameter a is set to 0.1,0.3, y^2/3 
(Starobinsky), 3, and 10 from bottom to top. The height of the potential is normalized to one. 
This Figure is from our paper [45]. 


This potential is plotted in Fig. 3.1. The Starobinsky potential corresponds to the case 
a = \/2/3. Other values of a are also viable. SUSY is broken at the vacuum, and the SUSY 
breaking scale is the inflationary scale. 

Now, we specify the mechanism of the stabilization of the non-inflaton part 0. We use 
the quartic term of the non-inflaton part in the Kahler potential. 

L^ = ^($ + $)'-^(<l> + l>-2$o)^ (3.15) 

The second term gives 0 = ($ -|- <!>)/a/ 2 the SUSY breaking mass during inflation, when the 
inflaton $ breaks SUSY by its F-term, ~ but does not give y = ($ — ^)/y/2i 

mass. Note that the quartic term preserves the shift symmetry. A similar stabilization 
term was first proposed in Ref. [200] in a no-scale model. The quartic term (without shift 
symmetry) of the stabilizer superfield is often used in the literature. See e.g. Refs. [125-127] 
and also Ref. [123]. It is instructive to write derivatives of the Kahler potential, 

= ($ + $)-(($ + $-2$o)^ (3.16) 

=l-3C(<f> + $-2<l>o)'. (3.17) 

The sign of the Kahler metric, which is the coefficient of the kinetic term, changes when 
<F-|-$ goes far from 2<Fo. Thus, the theory described by the Kahler potential (3.15) should be 
understood as an effective theory valid only in the limited field range, ]$-|-$ —2<Fol < 1 /a/ 3C) 
otherwise the kinetic term has the unphysical sign. It is possible that higher order terms 
modify this property near the boundary of the field space, but the truncated theory is a good 
starting point with the characteristic feature. We have argued that tend to be suppressed. 
The argument assumed the strongest dependence of the scalar potential on the non-inflaton 
0 is in the exponential factor . The trick in the current situation is that the inverse of 
the Kahler metric diverges in the boundary of the theory ]$ -|- $ — 2<Fo| 1/a/3C 

where the kinetic term vanishes. Thus, also strongly depends on the value of 0. The 
general formula of scalar mass term in supergravity contains the curvature of the Kahler 
manifold, -!-■■■ (even without using the conditions V = 0 or 10 = 0), 
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where G = iL + ln |IUp is the Kahler-Weyl invariant potential. This is nothing but the above 
mentioned SUSY breaking mass term. In our case, ~ —6^. In reality, the 

holomorphic mass term Vij is also relevant because of the shift symmetric Kahler potential, 

i.e. d/d^ = d/d^ on iT(<h + $). It has the similar contribution, -. 

In our case, ~ ~ ~ 6(e‘^G‘^G‘^. The masses of the real and imaginary parts 

are proportional to I4>$ + ± respectively, and the terms we are talking about 

(proportional to () cancel for the imaginary part. In this way, we give SUSY breaking 
mass to stabilize the real part, but not the imaginary part. Detailed analysis and numerical 
conhrmation of the stabilization mechanism are presented in Section 3.3. 

It might be easier to understand the mechanism if we redefine the origin of the inflaton 
so that its VEV vanishes, <h = $ — $ 0 . Then, the nonzero value of = c is provided by 
the linear term in the Kahler potential. 


K = c(d) + $) + ^($ + $)'-^ ($ + $)" (3.18) 

where c = 2<ho cind we have omitted tildes on the new field. The constant term in the Kahler 
potential, 2d>g, has been absorbed by the superpotential. But the linear and quadratic terms 
are not enough, and the quartic term plays the crucial role. If there is no quartic term, there 
is no guarantee that = c + (<h + $) is equal to c, and the field value tends to cancel the 
constant c. 


3.1.2 Logarithmic Kahler potential 

The condition (3.1), > 3, can be satisfied by using other special forms of Kahler 

potentials. The no-scale-like Kahler potential, 

K = —aln 1 1 -I- 




(3.19) 


is such an example, where a is a constant parameter. Here, the square root factor has been 
inserted to obtain the canonically normalized kinetic term under a condition (see below). 
The case of a = 3 corresponds to the Kahler potential of the no-scale model. Possible values 
of a are 1, 2, and 3 in the string models [43], but we consider values larger than 3 too to 
explore more general possibilities in the general held theory context. Because derivatives 
of the Kahler potential are Kq, = — , and = -—-—^the combination 


satishes 


1+($+$)/Va 


(l-|-('J>+4>)/Va) 


= a, (3.20) 

independently of the value of <I>. This implies the coefficient of the \ W\^ term is positive if we 
take a > 3 without introducing the stabilization mechanism such as the quartic term in the 
Kahler potential. However, we assume again the real part (<h-|-<i)) is somehow hxed so that we 
can separate out the dynamics of the imaginary part (inhaton). In fact, if the real part is not 
stabilized at some value, the kinetic mixing effect makes the dynamics complicated [191-193]. 
The kinetic term and the scalar potential resulting from the Kahler potential (3.19) and a 
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superpotential W{^) are 
I 


.^kin 




1/ = (1 + ($ + $) /v^)”“ I (1 + ($ + $) /^/^y 




1 + (<l> + $) /^/a 


W 


(3.21) 

3|iy|^ 

(3.22) 


Suppose that ($ + $) is stabilized at some value. After the shift of the held <h and renormal¬ 
ization of the Newton constant, it is possible to keep the form of eq. (3.19) with vanishing 
($ -|- $) in terms of the redehned variables. With this in mind, we assume that (<h -|- $) is 
hxed at the origin. For example, it can be accomplished by the following quartic term. 

K = -aln(l + ^(^ + ^} + ^(^ + ^y) . (3.23) 

\^/a J 

This kind of modihcation of the no-scale model was proposed in Ref. [200], and recently 
used in Refs. [128,190,192]. The key term in the fourth derivative of the Kahler potential 
is ~ —24((C/a), so the mass of the stabilized part is roughly w? ~ a)e^G^G^. 

Once the real part is hxed to the origin, the kinetic term of the imaginary part (as well as 
the real part) is canonically normalized, and the scalar potential is 

1/ = |W$|2 - {WW^ + WW-^) + (a - 3)|hFp. (3.24) 

As discussed above, a > 3 generically allows the potential to be positive in the large held 
region (|<I)| ^ 1), whereas a < 3 gives rise to a potential unbounded below. Another 
interesting possibility is a = 3. In this case, the cross term generically has phase directions 
some of which becomes positive and other negative in the large held region. We will study 
a special case in which the cross term as well as the \W\^ term vanishes in the next Section. 

One may guess that the shift symmetry is not needed for a logarithmic Kahler potential, 
because the exponential of the logarithm does not change drastically with respect to the held 
variables. However, it is not true unless the superpotential takes a special form. Let us take 
the following Kahler potential,^ 


K = -3 In (^1 - ^4)$^ 

This Kahler potential leads to the minimal kinetic term in the original (Jordan) frame, in 
contrast to the case of the so-called minimal Kahler potential, which leads to the minimal 
kinetic term in the Einstein frame. The Kahler metric is diverges in 

the limit |4)| —)■ ^/3. To simplify the analysis, let us assume that the real or imaginary part is 
hxed at the origin. For concreteness, we hx the imaginary part and neglect its dynamics just 
to see the shape of the potential of the real part. The real part is stretched exponentially upon 

^ Actually, this is equivalent to the no-scale type Kahler potential (3.19) via a held redehnition up to a Kahler 
transformation [201]. The Kahler transformation is equivalent to a particular modihcation of the superpotential. 
Also, the original shift symmetry becomes obscured in the transformed Kahler potential (3.25), so we discuss it 
separately. 


(3.25) 
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canonical normalization, and the canonically normalized field is <l> = y § In (implicitly 
neglecting the imaginary part). The scalar potential is 


V 




(lUIU^d) + lUIU^d) - 3|IU|2) 


—> 



(lUIU^d) + lUIU^d) - 3|1U|2) , 


(as -)■ 3) 


(3.26) 


where the last line expresses the large field behavior. In terms of the canonically normalized 
field, the factor (l — = cosh^ grows exponentially. 

Now, let us impose shift symmetry on the previous Kahler potential (3.25), 


a: = -31n 



(3.27) 


The scalar potential following from the above Kahler potential (3.27) is 


V 


(A_|IU$|2+ (<h + l>) {WW^ + WW^) -3\W\^) , 


(3.28) 


where 


(3.29) 


The combination K^^Ka,K^ = —7 -{ 7 — can not exceed 3 as long as the sign of the 

‘1’ l+(<I,+4)y6 6 6 

kinetic term of gravity is canonical. The latter condition is equivalent to the positivity of 
the argument in the logarithm in the Kahler potential (3.27), i.e. (<h + $)^ < 6 . Thus, it 
is impossible to obtain a positive coefficient of \W\^ with a single chiral superfield and its 
Kahler potential (3.27). 

Let us go back to the no-scale-like case (3.19) in which the infiaton superfield enters 
linearly in the logarithm, and see some example models. First, let us set a = 4, and the 
effective single field potential (3.24) becomes 

V =\W^\^-2{WW^ + WW^)+ \W\‘^. (3.30) 

The potential is generically dominated by the last term, |IUp. Let us take a simple super¬ 
potential, W = -|- Wq where m is taken as a real mass parameter. Then, the potential 

becomes 

2 

V='^{x- Xof + m^- 4mReIUo + (RelUo)' , (3.31) 

where xo = — •s/2(IniIUo)/m. Tuning the parameters so that they satisfy RelUo = (2±A/3)m, 
the cosmological constant vanishes. The quadratic potential is suitable for chaotic inflation. 
Again, SUSY is broken at the vacuum, and its scale is that of inflation. 

Next, we set a = 3. This time, the effective single field potential becomes 

V =\W^\^-V3{WW^ + WW^) . (3.32) 
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The |hEp terms are cancelled by the no-scale Kahler potential. To see the basic featnres, 
let ns consider a monomial snperpotential (3.4), W = The potential is very simple, 

becanse the second and third terms cancel dne to the vanishing VEV of the real part. 


V = n^ 




(3.33) 


The case n = 2 leads to the qnadratic potential. In this case, SUSY is preserved at the vac- 
nnm. When we add terms in the snperpotential, the cancellation does not work generically. 
As we have seen above, there are many possible embedding of a potential into snpergravity 
with a single chiral snperfield. 

It is worth noting that the real part can also be nsed as an inflaton in the case of the no¬ 
scale Kahler potential, if we take a snitable snperpotential, becanse of exponential stretching 
of the field dne to canonical normalization. Consider the following Kahler potential. 

K = -3 In (^(4) + $) + C (^ ($ - <h) - 2<I)o)^) . (3.34) 


The effect of the qnartic term is to stabilize the imaginary part aronnd <ho. The kinetic term 
is given by 


^ (3.35) 

( 4 > + $) 

The canonically normalized inflaton held is 0 = a/3/2 In 0 (<^==^ = eV^^'^), with (f) = 

■/2Re<h. In this case, not the real part bnt the imaginary part is hxed, so the effective single 
held potential is given by 

V= - ^—zr^{^4^\W^?-[WW^ + WW^)\. (3.36) 

(<h + $) V 3 J 

Let ns hrst try with a monomial snperpotential (3.4), W = Cn^^- The potential is now 

y _ n(n-3)|c^P 2n-2 

3 (<h -h <h) 

^ n(n -^3)|c/^ ^_^^ ^^2 ^ _ ^3 37^ 

Note that the potential vanishes when n = 0 or 3. This is the property of no-scale models. 
Moreover, the potential becomes positive when n > 3 or n < 0, and becomes negative when 
0 < n < 3. Also, the potential of the canonically normalized inhaton has an exponential 
form. To obtain a hat potential we have to take a fractional valne n = 3/2 so that the 
exponential factors cancel in the large held region, bnt then the potential becomes negative. 

Now, we have to choose more general snperpotentials to obtain hat potentials. The key 
idea is to take a polynomial snperpotential and nse cross terms. To explain this point, we 
take the following binomial snperpotential, 

W = (3.38) 
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with m < n without loss of generality. The scalar potential for this superpotential is 

V =- -f ^ ^ (n(n-3)|c„n$|^""^ + m(m-3)|cmn<h|^'”“^ 

(<h + $) V -3 

+2nmRe - 2nRe - 2mRe . 

(3.39) 


The first lines are just the sum of the monomial potentials. To have a flat (asymptotically 
constant) potential, the powers of the cross terms m + n — 3 must vanish. We can satisfy 
this constraint keeping the first line vanishing with the choice n = 3 and m = 0, 


lU = Co + 03 $^. 


(3.40) 


Then, the potential reduces to 


V 


3 

2(Re<h)2 


-Re (C 3 C 0 ) 



Im (C 3 C 0 ) ^ \ 
Re (C 3 C 0 ) °y 


+ I Re (C3C0) 


(Im(c3Co))^ \ 2 ^ 

Re(c3Co) J 7’ 

(3.41) 


where we have set Im<h = $ 9 . Note that the masses of the real and imaginary parts have 
different signs, so either one is tachyonic. The imaginary part has the negative mass contri¬ 
bution but we assume that it is stabilized by the quartic term. The cosmological constant 
vanishes with the choice Re(c 3 Co) = Im(c 3 Co). The potential hnally becomes that of the 
Starobinsky model, 

U = (^1 - \/2$oe-^^)^ (3.42) 

with 


m? = —2Re (C 3 C 0 ). (3.43) 

The coefficient of the second term, A/2<ho; can be absorbed by the redefinition of the origin 
of 0 unless $0 = 0, so it does not affect physical observables. This model also breaks SUSY 
at the vacuum, and the SUSY breaking scale coincides with the inflationary scale. 

The case of vanishing $0 was studied in our paper [44]. Substituting $0 = 0 into the 
above scalar potential (3.41) or (3.42), the potential becomes just a constant. It is flat and 
can be chosen as positive, but useless for slow-roll inflation. It is a starting point for further 
modification. Emulating the above success due to the nonzero VEV of the imaginary part, we 

shift the field $ in the superpotential to make the cancellation of factor incomplete. 

lU = Co + C 3 (<!> - $ 0 )" . (3.44) 

This $0 has nothing to do with the previous <ho in (3.34) which is the expectation value of 
the imaginary part. (The latter is taken as 0 currently.) The scalar potential is 

y =lrn^ (^1 _ + ^<l>3|c3p (l - (3.45) 
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Figure 3.2: The deformed Starobinsky potential (3.45). The relative magnitude of the correction 
2^g|c3|V is set to 10 ^,10 and 10 ® for the blue solid, red dotted, and yellow dashed 
lines, respectively. 


where m? is given by eq. (3.43), and we have redefined the origin of the field as —)■ 

The first term is the Starobinsky potential, and the second term is a correction to it. 

The cross terms of the cubic and quadratic terms in the superpotential generate 
behavior in the large field region. The potential is shown in Fig. 3.2. We started from the 
prototypical model (3.40) with the fiat feature, and modified it as eq. (3.44), eventually 
obtaining an exponential correction. But we need flatness only in the field range which cor¬ 
responds to the observable sky of 50 or 60 e-foldings. For that purpose, tuning of <Fo|c 3 p to 
be small enough is needed to maintain the flatness of the potential while keeping the value 
of w? = —2Re(c3Co) to be consistent with the amplitude of the fluctuation of CMB. This 
model also breaks SUSY at the vacuum. The SUSY breaking scale is determined by |coP 
and it is larger than the inflation scale Re(c 3 Co). 

Let us consider one more modification of the model specified by the Kahler potential (3.34) 
and the superpotential (3.40). Let us consider the following superpotential, 

IV = + Co + 03 $^ (3.46) 


We have introduced a negative power in the superpotential because it does not affect the 
large field behavior, i.e. it keeps flatness. The effective single field scalar potential for 
Im$ = <Fo = 0 is the following form 


Y _j_ _j_ ^g-(2n+3)y^^0 


(3.47) 


where 


81 

a = -yRe(coC 3 ), b = 


-27(3+ n) _ 27n ^ 9n(3 + n) 

- - -Re(c_nC 3 ), c = — Re(c_„Co), d= - - -|c_. 


(3.48) 


If we take a = —b = —c = d > 0, the potential satisfies both U = 0 and = 0 at the 
vacuum 0 = 0 for an arbitrary n. It is satisfied by the choice, Cq = —{n + 3/n)c3 and 
c_„ = (3/n)c3. The potential in this case is plotted in Fig. 3.3. The mass squared at the 
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y 



Figure 3.3: The deformed Starobinsky potential (3.47). The power n is —0.03, —0.1, —0.3, —1, —3, 
and —10 from bottom to top. The parameter values are taken as a = —5 = —c = d = 1. This 
Figure is from our paper [45]. 


vacuum is given by w? = bn^ + c(n + 3)^ + d{2n + 3)^. Although we do not present the origin 
of the negative power, it is remarkable that all of the models in this class (3.46) lead to very 
flat potentials. Moreover, these models preserve SUSY at the vacuum. 

The differences of the predictions of these deformed Starobinsky potentials on the infla¬ 
tionary observables, the spectral index and the tensor-to-scalar ratio, are shown in Fig. 3.4. 
This Figure is just to compare different modification of the Starobinsky potential, and do 
not imply our method is restricted to the small r region indicated in the Figure. 

We have seen that various Kahler potential and superpotential leads to potentials suitable 
for large field inflation assuming the non-inflaton field is fixed some value due to the quartic 
stabilization term in the Kahler potential. In the next Section, we focus on a special Kahler 
potential which is useful to embed almost arbitrary positive semidefinite scalar potential into 
supergravity with a single chiral superfield. 


3.2 Embedding arbitrary scalar potentials 


Many models in the previous Section have complicated expression for the scalar potential, 
and breaks SUSY even after inflation. Moreover, we had to search superpotential that leads 
to the desired scalar potential by trials and errors. In this Section, we concentrate on a 
special subset of the proposed class of single superfield inflationary models. The models in 
the subset allow us to easily specify the superpotential, and also to easily make the vacuum 
supersymmetric. Consider the following Kahler potential, 


K = 



(3.49) 


This is eq. (3.19) with a = 3. The kinetic term and the scalar potential are given by 
eqs. (3.21) and (3.22) with a = 3, respectively. We assume that the real part is fixed to its 
origin by some mechanism. Any such mechanism could be used, but to be specific, we again 
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Figure 3.4: The spectral index and the tensor-to-scalar ratio of some deformations of the Starobin- 
sky model, (3.14), (3.45) and (3.47). The prediction of (3.14) corresponds to blue points {Ne = 50) 
and red points {Nf, = 60) lined vertically. The lowest point in each case is the prediction of the 
Starobinsky model (a = y^2/3), and the above points correspond to a = 0.7,0.6, and 0.5 from 
bottom to top. The prediction of (3.45) corresponds to blue points {N^ = 50) and red points 
{Ne = 60) lined horizontally. The most left point in each case is the prediction of the Starobinsky 
model. The relative coefficient —cs/Ocq of the correction term is set to 10“®, 10“^ ®, 10“^'®,... 
from left to right. We take real parameters and 4>o = 1. The prediction of (3.47) corresponds to 
the yellow {Ne = 50) and green {Ne = 60) points with the same parameters as in Fig. 3.3. The 
power —n is taken as —1, —2, and —3 from top to bottom. The la and 2cr contours of the Planck 
TT+lowP+BKP+lensing+BAO+JLA+iLo constraints (traced from Fig. 21 in Ref. [8]) are also 
shown by light green shading. 


52 












CHAPTER 3. INFLATION IN SUPERGRAVITY WITH A SINGLE GHIRAL SUPERFIELD 


call for the quartic term in the Kahler potential. 


K 


—3 In 






(3.50) 


Assuming we can set $ + $ = 0 (we examine it in Section 3.3), the kinetic term becomes 
canonical, and the potential becomes (c/. (3.32)) 


V = \W^\‘^ - Vs {WW^ + WW^) . (3.51) 

Note that the \W\‘^ terms are cancelled by the no-scale structure. 

At this stage, it is possible to examine model by model whether inflation occurs or not 
by specifying the superpotential. Here, we impose a constraint on the superpotential: Every 
coefficients of Taylor series expansion of the superpotential has the same phase, so that they 
are all real up to an overall phase, which is unphysical. We do not mean by this that the 
superpotential is not a holomorphic function. It is just a constraint on coefficients. Now we 
parametrize the superpotential as 


IU(d>) 


V2 


(3.52) 


The potential reduces to the very simple form like the global SUSY F-term, 


V = 



(3.53) 


where y = \/2Ini<h, and the prime denotes differentiation with respect to the argument. 
This potential is very convenient to embed one’s favorite scalar potential. Substituting the 
desired scalar potential into the left-hand side (3.53), taking the square root, and integrating 
with respect to the inflaton, one can obtain the superpotential that leads to the desired 
scalar potential. It may be difficult or impossible to obtain an exact analytic formula of the 
superpotential, but approximating the function by a polynomial function, it is always possible 
to solve the superpotential. In this sense, it is possible to realize almost arbitrary positive 
semidefinite scalar potential in supergravity with a single chiral superfield. Our method is 
as powerful as the existing methods to realize arbitrary scalar potentials [38,39,41], but is 
minimal and does not rely on the stabilizer superheld. 

It is not difficult to choose the superpotential so that the cosmological constant vanishes 
at the vacuum. It is always possible to tune the constant term in the superpotential so that 
the F-term of the inflaton, Dq,W = Wq, -|- Kq>W^ vanishes. The derivative Wq, vanishes 
at the vacuum because its square is the potential, and Kq, = — \/3 so W must vanish 
at the vacuum to preserve SUSY. This is possible because the potential (3.53) depends 
only on the derivative of the superpotential, and does not depend on the constant term in 
the superpotential. Therefore we can always tune the constant so that W vanishes at the 
vacuum. In this scenario, SUSY should be broken by some other sector. It is consistent with 
the low-energy SUSY scenario. 

By the way, the above ‘reality condition’ may seem a strong condition, but a similar 
condition is used in the two-superfield case [38,39]. The condition is automatically satisfied 
in the case of the monomial superpotential. Also, once the condition is satished, it continues 
to be satished because of the non-renormalization theorem of the superpotential [202-204]. 
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Figure 3.5: Examples of the scalar potentials. For (b), a = 2/3,1, and 4/3 for the blue, red, and 
yellow line, respectively. For (c), n = 2,3, and 4 for the blue, red, and yellow line, respectively. 
For (e), b = 0.01 for all the line, and a = 0.16,0.172,0.2, and 0.25 for the blue, red, yellow, and 
green line, respectively. 
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3.2.1 Examples of the (super)potential 

Let us see some examples below. 


Example 1: monomial potential The monomial scalar potential U = ^follows 

from the superpotential function 

W{x) = CnX"- ( 3 . 54 ) 

In particular, the quadratic potential, V = follows from the quadratic superpotential, 

W{x) = ^mx^- 


Example 2: Starobinsky-like potential A set of modihed Starobinsky potential. 


30 r 

V = —m" 




parametrized by a, is derived from the following superpotential. 


w^(a) = 




m\x + 



^ (p-\P^x _ 


(3.55) 


(3.56) 


The original Starobinsky potential corresponds to a = 1. 


Example 3: “symmetry breaking”-type potential The potential often used for a new [13, 
14], chaotic [205], or topological [206-208] inflationary model (see a review [28]), 


V = \[x^-vX, 


(3.57) 


follows from a binomial superpotential. 


iu(x) = yx 



(3.58) 


Its generalization, V = A (y” — n"')^, was studied in Ref. [38]. This potential is generated 
from the superpotential 


W{x) = ^ 


n + 1 


X 


n+1 



(3.59) 


Example 4: sinusoidal potential The sinusoidal scalar potential, U = Vq (1 — cosny) /2, 
which appears in natural inflation [101,102] follows from the following superpotential, 

W^(a) = 1 — cosny cot (3.60) 

Example 5: polynomial chaotic model The following polynomial potential, 

U = cV(l-ay + &y')^ (3.61) 

studied in Ref. [41] follows from the quite simple polynomial superpotential, 

W(x) = cy^ Q - ^ax + ^X^ ■ (3.62) 
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Example 6: T-model A Starobinsky-like potential, V = Votanh^ v^/’ ^ letter 

‘T’, and is called T-model [140]. It follows from the superpotential, 

cosh ) . (3.63) 

V6/ 

These potentials are depicted in Figure 3.5. 

3.3 Effects of the finite stabilization term 

In the previous Sections, we studied effective single held models with an implicit assumption 
of the ideal stabilization. We study deviation from the ideal case and how large the correc¬ 
tions are. Below we examine the models considered above one by one taking the effect of the 
stabilization term into account. We will see that the previous treatments are approximately 
true with a sufficiently large coefficient of the stabilization term. 

The kinetic term and the scalar potential following from the minimal shift-symmetric 
Kahler potential augmented with the quartic term (3.15), 

K = ^(<h + $)'-^(4> + l>-2<Fo)", 


hh(A) = 


are 


.^kin 


1/ 




1 - 3( (2Re<F - 2$oj 

,2<I.2-f(2Re<I.-2$o)^ / / I 

|W$|2 + 2 Re<F-- 


1 - 3C (2Re$ - 2<Fo)^ 




+4 ( Re<F - -C (2Re$ - 2$o) 




(3.64) 

C (2Re<F - 2<Fo)^^ {W^W + W^W) 

_3g24.2-i(2Re4.-2$oF|pp|2 _ 


There are no cancellations in the potential unlike the case of no-scale models, so the small 
deviation of the real part from <Fo merely perturbs the potential, which will be conhrmed 
below. We solve the VEV of the real part (j) = A/2Re<F by Taylor expanding the potential 
around 0 = a/2<Fo up to the order 0(0^). Since it is hard to deal with general superpotentials, 
we neglect derivatives of the superpotential for dimensional reasons, dW/d^ ~ IF/<F and 
d'^W/d^'^ ~ IF/<F^ etc. This approximation is somewhat crude but is valid for generic 
polynomial superpotential during large held inhation. After all, it is generally impossible to 
solve the held value analytically and exactly. The held deviation is 


(Re<h) — $0 ~ 


4>o (4$^ - 1) 

24 ( 4)2 ^ + 84 ) 2-1 


^ (T (lo-'r') • 


(3.66) 


The mass squared of the real (stabilized) part is 


„ _ 6(16<I.3 + (24C + 8)<I.= -1)„j 

v<j,4> — --k- a 


44)2-3 


(3.67) 
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Figure 3.6: The scalar potential of the stabilized quadratic model. The mass scale and the 
coefficients of the linear and quartic terms are set to m = 10 “®, c = 2 , and C = 10 , respectively. 


where H is the Hubble parameter, and we have used the Friedmann equation 3H^ ~ U ~ 
(4<I)q — 3) I if p. This has been evaluated at 0 = a/2<Fo to avoid the complicated ex¬ 
pression: we just want to know the leading order value of the mass to see how strong it is 
stabilized in contrast to the cases of field value (eq. (3.66)) and potential (see eq. (3.68) be¬ 
low) in which we want to examine the corrections themselves. The mass easily becomes larger 
than the Hubble scale, so the real part is indeed stabilized at the value of eq. (3.66). Then, 
the kinetic term becomes a constant, and approximately canonically normalized. Compared 
to the approximate potential Vq = (4d>Q — 3) \W\‘^ up to the leading order (T(0°), the 

potential up to 0(0^) evaluated with eq. (3.66) is modified as 


/ 32$^ - 48$^ - 6$^ + 4 \ 

° V C (96$^ - 724)2) ^ 43^4 _ 244,2 _ij ■ 


(3.68) 


The correction term goes to 1 in the limit ( ^ 00 . In this sense, the model of the minimal 
shift-symmetric Kahler potential (3.2) with ReF set to $0 is not drastically modified when 
including the effects of ReF 7 ^ $ 0 . Numerically, the second term in the parenthesis is 
-0.38,-0.19, and —0.068 for ( = 1,3, and 10, setting Fq = 1- Thus, the stabilization 
parameter ( of 0 ( 10 ) is required to sustain the original prediction of the model. 

Let us take some examples of superpotential to discuss it quantitatively without relying 
on the dimensional estimation like dW/d^ ~ IU/4). We take the models of quadratic po¬ 
tential (3.8) and the Starobinsky potential (3.12) as benchmark models 2 . The potentials 

^ As can be seen from Figs. 3.7 and 3.9, the fields deviate from the origin at the end of inflation. If we adopt the 
same parameters for these models as we discussed in Section 3.1, the potentials at the vacuum have a small negative 
value. To uplift the potential, we added a small constant to the superpotentials. For the quadratic case, we take 

W = m(^ --V (3.69) 

V c-U3-0.0iy 

where the 0.01 is inserted to make the cosmological constant a tiny positive value. Similarly we tune b in eq. (3.12) 
to obtain a small positive cosmological constant at the vacuum for the Starobinsky case. In the above argument, 
“small” means that it is smaller by order of magnitudes than the typical inflationary scale, V ~ m?MQ. 
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(p (stabilized) 


Figure 3.7: The inflaton trajectory (green) in the stabilized quadratic model. The initial con¬ 
ditions are cf) = 0.1, x = 15, 0 = 0, and % = 0. The model parameters are same as those in 
Figure 3.6. The contour plot of logarithm of the potential is shown in purple. 



Figure 3.8: The scalar potential of the stabilized Starobinsky model. The mass scale, the co¬ 
efficients of the linear and quartic terms, and the parameters in the superpotential are set to 
m = 10“^, c = 2, ^ = 10, a = y^ 2/3, and b = 1.53414 -|- 0.346062f, respectively. 
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0.05 
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Figure 3.9: The inflaton trajectory (green) in the stabilized Starobinsky model. The initial 
conditions are (j) = 0.1, % = 5.7, 0 = 0, and x = 0. The model parameters are same as those in 
Figure 3.8. The contour plot of logarithm of the potential is shown in purple. 


on the complex $ plane are shown in Figs. 3.6 and 3.8 for the qnadratic and Starobinsky 
models, and examples of inflaton trajectories obtained by nnmerical calculation are shown 
in Figs. 3.7 and 3.9 for the quadratic and Starobinsky models, respectively. 

Note that the scales of axes are different for 0 (non-inflaton) and x (inflaton). It can 
be seen from Figs. 3.6 and 3.8 of the potentials that 0 is stabilized near the origin. From 
Figs. 3.7 and 3.9, large parts of the trajectories can be seen as those of single field inflation. 
As we set the initial conditions away from the instantaneous minimum, 0 rapidly oscillates 
around the origin at the first stage. After the rapid oscillation damps, the value of 0 is 
approximately a constant of order 0(10“^). Here, the stabilization parameter ( is taken 
as 0 = 10, and it is consistent with eq. (3.66). At the final stage when inflation ends, the 
trajectories get curved, and the fields settle to a point away from the origin. 

Let us move on to the no-scale type Kahler potential (3.34), 



where the imaginary part is fixed and the real part becomes the inflaton. The kinetic term 
and the scalar potential are 


3 (^1 - 120 (<!> + <!>) (-i(<l> - $) - 2<Fo)^ + 40^ (-z($ - $) - 2<Fo)®) 




'kin 



(3.70) 
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3 [$ + $ + - 2$o)^]^ 

1 

X -z-Z-Z- a 

1 - 12C ($ + $) - 2$o)^ + 4(2 (-*4> + - 2$o) 

X [($ + $ + ((-i® + - 2$o)^) - 3 (WW^ + WW^) 

+ 12iC(-i4> + - 2<I>o)^ {WW^ - WW^) + 108C(-i4> + il> - 2$o) WP] • (3-71) 

The deviation of Im<I) from $0 is evaluated as 

^ . -3(WW^^-WW^^)+2Re^(W^W^^-W^W^^) 

—I - ^^ -=- - - 

' ' 864C|IE|2- 576CRe$(lHIE$ + IEIH4)+384(Re$)2C|iy$|2 

~iC>(10-2C-^(Re<I))-2). (3.72) 


It is somewhat suppressed more than the previous case. For example, it is also suppressed 
by the inflaton value, and becomes small during large field inflation. The mass squared 
of the imaginary (stabilized) part y = -\/3/2Im<h/ (Red*) (evaluated at Im$ = <Fo and the 
instantaneous expectation value Re<F) is 


14 ^ ~ C ( 48|LF|2 - 32Re<F {WW^ + WW^) + y (Re<F)^ |iy$ 




(3.73) 


This is expected to be C>(102((Re<F)^) times larger than H^. The potential Vq at the leading 
approximation (3.36) is modified as 





A2 \ 
192CSC J 


(3.74) 


where we have introduced shorthand notations 


A =2Re<F {W'W - W'W') + 3 {WW" - WW") , 

B =2Re<F|LFf - 3 {WW + WW') , 

C =8(Re$)2|IF'|2 - 6Re<I) {WW + WW') + 9\W\\ 

Here, primes denote differentiation with respect to the argument, e.g. IF' = dW/d^ and 
IF' = dW/d^ etc. The correction factor in the potential vanishes in the large ( limit. In 
addition, the dimensional counting like IF' ~ IF/$ tells us that the correction factor behaves 
as in the large field region $ 3> 1. Thus, the correction is well suppressed during large 
held inhation. The actual value depends on parameters of the model, but it is about of order 
to 10“® using values like 1 < C ^ 10 and 3 < Re<F < 10. 

Next, we consider the Kahler potential (3.23), 

The constant a is inserted in the logarithm (just as a convention). The hrst a in the logarithm 
is for approximate canonical normalization, and the second is due to the expectation that 



60 








CHAPTER 3. INFLATION IN SUPERGRAVITY WITH A SINGLE GHIRAL SUPERFIELD 


higher terms appear with the same expansion coefficient. The kinetic and potential terms 
are 


-Ckin =- 


(i + T (* + *) +?(* + *)*)' 


(3.75) 


u 


AB 


- Va + — 

“ ' 'a 


A + (IUIU^, + IUIU$)+G|IU|2^ , (3.76) 


with 


A =1 - — (<h + <h) _ 

a ay/a 

B =1 + ^ ($ + $) + 4 ($ + $)^ 
va ' a^ ^ 


2 , ^\3 , 4G . 51\6 


($ + l>)V^(«h + i>)\ 


(3.77) 

(3.78) 




(3.79) 


In the generic case of a > 3, we neglect the derivatives of superpotential by the dimensional 
argument. The shift of the real part from its origin is evaluated as 

, ^ Va{a - 3) _ 

y/2 (24C + a2 - 2a - 3) ■ 

It is suppressed by the stabilization parameter (. The mass squared evaluated at the origin 
is 


(3.80) 


^ 6(24C + a^-2a-3) ^,^ 


(3.81) 


where we have used 377^ = V ~ (a — 3)|IUp. It is easy to increase the mass so that the real 
part becomes heavier than the Hubble scale. The correction to the potential is as follows, 





a{a — 3) 


2 (24C + a2 - 2a - 3) 


(3.82) 


where Vq = (a — 3)|IUp is the leading order potential. Setting a = 4, the numerical value of 
the second term in the parenthesis is 0.069, 0.026, and 0.0082 for (^ = 1,3, and 10. 

In the case of a = 3 and a generic superpotential (for which we use naive dimensional 
analysis like dW/d^ ~ IU/<I>), the expectation value of (j) is 


^ 1 fW' IU'\ 

“ 12y2C "lU J ■ 


(3.83) 


This is suppressed by the parameter ( and the linear power of the field <I>, but a care should 
be taken because even a small value destroys the cancellation working in the no-scale type 
model. That is, 0 = 0 is a special point in the moduli space. Before looking at the corrections 
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to the potential, let us check the stabilization strength, i.e. mass of the real part. It is given 
by 

I/^^~48C|W"r. (3.84) 


It can be larger than the Hubble scale. The corrected potential is 


V ~ 


-73 {WW^ + WW^) + + 


{ww^ + ww^Y 


(3.85) 


The second term, which is the subleading term in the uncorrected potential, is the same 
order (up to the ( factor) to the third term, which is the leading correction term. Once 
again, the relative value of the correction becomes small in the limit of the large ( and the 
large inflaton field. 

We are also interested in the special case discussed in the previous Section: the reality 
condition on the coefficients of the superpotential. When we assume it, various expressions 
are simplified, and we do not need to use the approximation like dW/d^ ~ W/^. The 
expectation value of 0 is derived as 


vW2 (a(a - 3)W2 + 4(a - l)!^'^ - 2aWW"j 

^ a(24C + a2 - 2a - 3)W^ + (48C + 7a^ - 13a + 4)W'2 - a(5a - 7)WW" + 2aW"^ - 2aWW'" 


^a(a — 3)E + 4(a — 1) — a\/2eBYj 

2a(24C + a2 - 2a - 3)E + 2(48C + 7a^ - 13a + 4) - a(5a - 7)7^ 


(3.86) 


where the slow-roll parameters are given by 


e 


1 

2 





(3.87) 


so that {W"/W) = 7^/2 and {W"/W) = {r] — e)/2. We have introduced an enhancement 
factor 

E(X) - (T) . (3.88) 

In the case of a monomial potential, E = and it is large {E > 1) during large 

field inflation (y > 1) for n not too large. In the case of the Starobinsky potential, 

E = and it is also large during large held inhation. Typically, E is 

of the order x^i so the combination 7^ is roughly of the order one. The hrst equality in 
eq. (3.86) holds both during and after inhation, whereas the second equality is valid during 
inhation since slow roll parameters not accompanied by the enhancement factor E have been 
neglected. The mass squared is 

~ (24C + - 2a - 3) ^ (48C + 7a^ - 13a + 4) 

-377^ |^(24C + a^ - 2a - 3) E + ^ (48C + 7a^ - 13a + 4) 


- (5a - 7) WIT" + 2IT"2 - 2W'IT"' 

- (5a - 7)7eE/2 ) , (3.89) 
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where the same approximation has been nsed in the second eqnality as above. The mass 
easily becomes larger than the Hnbble scale. The corrected potential is of the form 

V =W'^ + 

(a(a - 3)W^ + 4(a - 1)W'^ - 

a(24C + a2 - 2a - 3 )IU 2 + ( 43 ^ + 7 a 2 _ l3a + 4)IU'2 - a(5a - 1)WW" + 2aW"2 - 2aW'W'"' 

(3.90) 

The correction (second line) is only snppressed by a nnmerical factor including for a > 3. 
When we set a = 3, the held expectation value, the mass squared, and the corrected potential 
are 


^ (^4IU'2 - 3WW"j 

^ 72CfU2 + 4(12C + 7)W'2 - 2AWW" + 6W"2 - QW'W'" 

ye (4 - 3y^) 

~_ I _ ('3 gx] 

12CE + 4(12C + 7) - 24yeE/2’ 

~24CfU" + ^ (12C + 7) W'" - mW" + 2W''^ - 2W'W''' 

o 

-77" {72CE + 4 (12C + 7) - 24yeE/2) , (3.92) 


V =W'^ 


~IU'2 


/ 


V 

/ 


V 


(^4W'^-3WW"y 

2 W '2 (36CW^ + 2 (12C + 7) W'^ - 12WW" + 3W"2 - 3WW'") 

(4-3^^)' ^ 

2 (^36(E + 2 (12C + 7) - 12 yeE/ 2 ) ^ 


\ 


(3.93) 


In the second lines of these expressions, we have neglected slow-roll parameters unless it 
appears with the enhancement factor E (eq. (3.88)), so the second lines are valid only 
during (large held) inhation. The value of the real held is well suppressed, its mass can 
be easily larger than the Hubble scale, and the correction to the potential is subdominant. 
Numerically, the second term in the parenthesis of the scalar potential is -0.046,-0.0081, 
and -0.00046 for (E, e, C) = (3, 0 . 01 , 1 ), (5, 0.03, 3), and ( 10 , 0 . 1 , 10 ). 

In the following, we examine stabilization quality numerically. Take the special Kahler 
potential (3.50) that can lead to arbitrary positive semidehnite scalar potentials. We take two 
benchmarks as inhationary models: chaotic inhation with the quadratic potential and chaotic 
inhation with the Starobinsky potential. The potentials in the complex plane are shown in 
Figs. 3.10 and 3.12. The scales of the axes are diherent for the illustration purpose. As we 
discussed it above, the stabilization becomes stronger when the inhaton takes a larger value. 
Examples of the inhaton trajectory are shown in Figs. 3.11 and 3.13 for the quadratic and 
Starobinsky potential cases, respectively. The green trajectories are superimposed on purple 
logarithmic contours of the potentials. We take initial conditions such that the inhaton is 
displaced from the instantaneous minimum (stabilization valley) with vanishing velocity. As 
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l.xIO" 


5.x 10"* 


-10 


-0X15 


X (inflaton) 


0.00 
<!> (stabilized) 


Figure 3.10: The scalar potential of the stabilized quadratic model. The mass scale and the 
stabilization strength are set to m = 10“® and C, = 3\/3, respectively. This Figure is from our 
paper [45]. 



Figure 3.11: The inflaton trajectory (green) in the stabilized quadratic model. The initial condi¬ 
tions are (j) = 0.14, x = 15, <^ = 0, and x = 0. The mass scale and the stabilization strength are set 
to m = 10“® and C = 3\/3, respectively. The contour plot of logarithm of the potential is shown 
in purple. This Figure is from our paper [45]. 
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5.x 10"'® 

V 

0 

- 0.1 


0.0 

<P (stabilized) 


2 

X (inflaton) 


Figure 3.12: The scalar potential of the stabilized Starobinsky model. The mass scale and sta¬ 
bilization strength are set to m = 10“® and C = 3\/3, respectively. This Fignre is from our 
paper [45]. 



Figure 3.13: The inflaton trajectory (green) in the stabilized Starobinsky model. The initial 
conditions are (f) = 0.14, y = 5.7, cj) = 0, and X = 0- The mass scale and the stabilization strength 
are set to m = 10“^ and ^ = 3\/3, respectively. The contour plot of logarithm of the potential is 
shown in purple. This Figure is from our paper [45]. 
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can be seen from the Fignres, the inflaton rapidly oscillates and is damped to the bottom of 
the stabilization valley. It seems that the inflaton is damped more efficiently in the quadratic 
potential (Fig. 3.11) than in the Starobinsky potential (Fig. 3.13). This is because the inflaton 
takes larger values in the former model than in the latter model, and the large inflaton value, 
implying large enhancement factor E in eq. (3.88), suppress the value of the real held via 
the enhanced mass term (3.92). Afterward, the trajectories are essentially that of single held 
inhationary models. Interestingly, the trajectories slightly deviate from the imaginary axis 
at the end of inhation, leading to hnal oscillation phase where the decay of inhaton reheats 
the universe. The fractional diherence between the usual potential (ideally stabilized case) 
and the actual potential value in our setup along the inhaton trajectory is within only 1.4% 
for the quadratic case, and within 2.2% for the Starobinsky case. These values are taken 
near the end of inhation corresponding to the maximum of the real part 0 before the hnal 
oscillation. In most of the time, the fractional diherences are much suppressed. 


3.3.1 Robustness of SUSY preservation 


The models of the no-scale-like (a = 3) Kahler potential have two favorable features as we 
discussed in Section 3.2. We can approximately embed arbitrary positive semidehnite scalar 
potentials into supergravity using the Kahler potential, and we can also tune the constant 
term in the superpotential to preserve SUSY after inhation. These features are clear when 
the stabilization is ideal i.e. in the C —)■ cxd limit. In the above, we have analyzed how the 
former statement is modihed quantitatively (eqs. (3.91), (3.92), and (3.93)). Now, let us 
examine whether the latter feature is preserved or not considering the ehect of the hnite 
stabilization term. In terms of the non-inhaton 0 and the inhaton y, the potential (3.76) is 
written as 


V =A-^B 


-1 D-l 


W\-ict> + x) + 12C0' 1 + a/ -0 + -Cr B-^ W{-ict> + x) 


H 1 + I B-H ( w\i4, + x)W{-i<l, + x) - + x)W{i4, + X 


(3.94) 


where 


4=1- 

B =1 + ^4>+ 


(3.95) 

(3.96) 


The hrst derivatives of the potential have long expressions. Those evaluated at 0 = 0 as 
an ansatz are 


=y| (-41U'(x)^ + 3W{x)W"{x)) , (3.97) 

UJ ^.0 =2W\x)W'\x)- (3.98) 


Note that these equations are independent of C since we substituted 0 = 0. Now we search 
a solution of 10,|^=o = = 0 for x. If h exists, say at x = Aoi fhe point (0 = 0, x = Xo) 

is a stationary point. 
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Remember that the potential becomes V{x) = the ideal (C —t oo) case. Sup¬ 

pose we construct an inflationary model such that this potential V(x) vanishes at the vacuum 
X = Xo where we tune the constant term in the superpotential such that SUSY is preserved, 

i.e. 


W^'(Ao) =0, and lU(xo) =0. (3.99) 

Note that this is automatically a solution of U^|^=o = = 0 with an arbitrary (. 

Therefore, the point (0 = 0, y = Xo) is a stationary point. At the point, the potential 
coincides with the ideal one, V = lU'(yo)^- 

Is the stationary point a maximum, minimum, or saddle point? In the inflaton (y) 
direction, it is a minimum if the inflationary model is meaningful. Since SUSY is preserved 
{y = W = W’ = 0) at the point, the masses of 0 and y are same. It follows that the 
stationary point is actually a minimum (vacuum) of the potential. Thus, the consistency 
of the ansatz 0 = 0 has been shown. In conclusion, the cosmological constant and SUSY 
breaking can be both eliminated at the vacuum by tuning with an arbitrary stabilization 
parameter Q. 


3.3.2 Comments on small field inflation 

We are primarily interested in large held inflation since our method enables us to realize it 
without the stabilizer superfleld for the first time. It is also interesting to study whether 
our method is also applicable to small held inflation or not. In the above, we have seen 
that stabilization is strong enough at the large held region but it becomes loose near the 
end of inflation where inflaton has a smaller value. One might have an impression that it is 
not suitable for small held inflation. However, the essence of the stabilization mechanism is 
that the effective mass for the scalar superpartner of the inflaton is given by the inflaton F- 
term, which drives inflation. Therefore, it is generally expected that the stabilization works 
during inflation. If the SUSY is broken also at the vacuum, the stabilization still works. 
Quantitative details depends on the value of the coefficient C- 

We take the model of Example 3 in Subsection 3.2.1 (the Kahler potential (3.50) and 
the superpotential (3.59)) as an explicit example. 


A = - 3 In ( 1 + ^ ($ + $) + ^ ($ + $)' 


W =v^ 


/ 1 


\n + l 


X 


n+1 


Ay-Fc 


n 


.,^+1 


n + 1 


(3.100) 

(3.101) 


where we have added a constant term to the superpotential, and c is the coefficient. Since we 
are interested in small field inflation, we take v -C 1. When we take c=l, SUSY is preserved 
at the vacuum at y = n. The relevant derivatives are 

W'=yA (y" - A), W” =n^/\x"~\ W'" =n(n - l)\/Ay"-0 (3.102) 


Inflation begins with a small inflaton value y -C v, so let us take the limit 
Then, the constant terms in the superpotential and its first derivative remains, 1U(0) = 
c\/~X{n/n + 1)A+^ and lU'(O) = —x/AA, while the second and third derivatives vanish. 
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LE"(0) = iy'"(0) = 0. If we take the coefficient c as an order one parameter, the superpoten¬ 
tial is smaller than its hrst derivative because of the higher power of v. So, we also neglect 
W{0) to obtain simple formulae. The eqs. (3.91), (3.92), and (3.93) become 

=4(12C + 7)ff^ ^"(0) (l - ■ (3-103) 

As we have argued above, the mass of the non-inflaton (j) is larger than the Hubble scale. 
So, it is a good approximation to describe the model as a single held inhationary model. 
The value of 0 is also less than one, so the perturbation in 0 used to obtain eqs. (3.91), 
(3.92), and (3.93) is consistent. However, the correction to the ehective single held potential 
V is not so small for a small value of C, e.g. Y 2 I +7 — C = 1- This level of change of 

the potential can not be neglected especially for small held inhation. The hrst and second 
derivatives of the potential are ahected and inhationary observables change accordingly. But 
the ehect decreases when we increase the strength of stabilization (. We show the corrected 
potential in Fig. 3.14. 



Figure 3.14: The corrected potential V{x) (3.93) for the small field model (3.59) with n = 4. The 
blue (bottom), red (middle), and green (top) lines correspond to C = l,3\/3, and C —>■ 00 . Other 
parameters are set to A = 1 and v = 0.1. 


Although we have examined only one example, we have reasons to think other models 
share the same qualitative features. During inhation, regardless of small held or large held, 
the slow-roll parameters should be small, so W and W” can be neglected. The value of 
the superpotential depends on the functional form including the constant term. Unless it is 
larger than its hrst derivative {E > 1), its ehect is subdominant (see eq. (3.93)). Thus, our 
framework is also applicable for small held inhationary models although a larger stabilization 
term is required. 

3.3.3 Comments on the unitarity bound 

Our method utilizes the quartic stabilization term instead of the stabilizer superheld. We 
have checked that the coefficient C, of order one is sufficient for the large-held models of the 
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no-scale-like Kahler potential (3.50), but ( of order ten or larger is needed for small-field 
cases and generic models of the minimal (polynomial) Kahler potential (3.15). 

Generally, a large coupling constant implies a low cut off scale. In the context of the 
Starobinsky model and Higgs inflation with non-minimal coupling to gravity, the unitarity 
was questioned [209-212] since these models introduce a coupling constant of order 10"^. Due 
to the standard effective field theory analyses around the vacuum, the cut off is apparently 
10 “'^Mg, and it is too low for these inflationary models to be reliably described. This is an 
illusion caused by the fact that only the physics around the vacuum was considered [213], and 
the unitarity bound is not violated during inflation taking the full form of the potential [126] 
or background scalar held value [181]. The cut off is inhaton held-dependent, and it is higher 
than the typical energy scale of inhation. 

In contrast to these models, a somewhat large parameter ( in our case appears in front 
of the self-coupling term of not the inhaton x but its scalar superpartner (f). The latter 
is hxed to the vacuum value, so the simple estimate of the cut oh suffices. The cut oh is 
inversely proportional to the square root of the stabilization parameter, A 1/yC- For 
example, the held displacement 50 from the VEV at which the kinetic term vanishes and 
the scalar potential diverges is 50 = 1/a/60 for the polynomial Kahler potential (3.15) (or 
(3.18)) and 50 ~ for the logarithmic Kahler potential (3.23). Conservatively, we 

take A = l/^/lOC as the typical cut oh scale. 

The Hubble scale for the typical chaotic inhation models such as the quadratic and 
Starobinsky models are of order 10“® in the reduced Planck unit, and the energy density 
scale Einf == is 10“^'®. Even if we take C ~ 10^, the cut oh scale A ~ 10“^’® is one order 
of magnitude larger than the energy scale of inhation E^^i. When we take ^ ~ 10'^, these 
scales become comparable A ~ Einf, and the theory enters a strong coupling phase. Then, 
the inhaton potential is signihcantly ahected by couplings between the inhaton y and the 
strongly coupled 0. The condition A > is rewritten in terms of ^ as 


c< 


Ml _ Mg 

10 B“„ ~ 10m,’ 


(3.104) 


where is the inhaton mass, and we have used Einf = ~ 


3.4 Effects of other terms in the Kahler potential 

We are using higher order terms in the Kahler potential for the sake of stabilization of the 
scalar superpartner of the inhaton. So, the following questions arise: “Can we neglect other 
(lower or even higher) terms in the Kahler potential?”, or “What are the ehects of such 
terms, if they can not be simply neglected?” In this Section, we consider the ehects of terms 
that we have not considered until now. 

We only consider shift-symmetric terms in the Kahler potential since the ehects of symme¬ 
try breaking terms are higher orders in symmetry breaking parameter, which is proportional 
to inhation scale. For simplicity of notation, we dehne X = $-|-$. Then, the shift-symmetric 
Kahler potential or its exponential (so-called frame function) is expanded as a series of X. 
To consistently neglect higher than quartic terms, we consider the parametrization in which 
X is stabilized near the origin. This is understood as follows. Suppose that X is anyway 
stabilized by ehects of Kahler potential at some point in the held space X = Xq. Then we 
shift X by Xq by redehning the origin of X: X ^ X = X — Xq. In terms of X, it is stabilized 
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at the origin and higher order terms are well controlled by higher powers of (approximately) 
vanishing valne of X. With this nnderstanding, we will omit the tilde in the following. 

The mechanism of the stabilization we considered is based on the qnartic term. We 
proposed it as jnst an example, and it may be replaced with some alternative, pertnrbative 
or non-pertnrbative mechanism. At the same time, it is also true that the simplest and 
effective way of stabilization is due to the qnartic term if we can expand the Kahler potential 
with respect to X around the origin, which we always assume. Actually the qnartic term 
is the unique term which generates mass of (the scalar component of) X using its SUSY 
breaking F-term like \F‘^\^X‘^} See the discussion around eq. (3.17). 

In summary, we expand the Kahler potential or the frame function with respect to X = 
$ + d) around the origin, and utilize the qnartic term for stabilization as we studied until 
now. We will study effects of lower order terms. If X is still stabilized at or near the origin, 
effects from higher order terms can be consistently neglected. In the following, we first study 
the “minimal” Kahler potential, and then move on to the logarithmic Kahler potential, in 
which case we expand the argument of the logarithm. 


3.4.1 Minimal Kahler potential 

Consider the following generic Kahler potential, 

K = Y^ = Co + CiX + 02^2 + cgX^ + C4X^ + ... (3.105) 

71=0 


where X = $ + $ with $ chiral, and dots represent higher order terms. The Cq can be 
absorbed by the superpotential by Kahler transformation, and Ci is primarily related to the 
value of the first derivative X$ at X = 0. The C2 changes the normalization of the fields, 
and the C4 is the strength of stabilization. To understand the role of C3, it is useful to rewrite 
eq. (3.105) as follows. 


K= Go¬ 


es 


256C43 


+ Cl — 


C3 


1604^ 


X + 


Set 


8C4J ^ V ^ 4c4 


C3 


=Co + CiX + C2X^ + C4(X — Xg)^ + . . . . 


+ . . . 

(3.106) 


In this form, it is clear from our studies in the previous Sections that —C3/4C4 represents 
the VEV of X. We interpret C3 as the parameter that controls deviation of the VEV of X 
from its origin. This should be so because X^ is odd under the sign flip of X and it makes 
gradient at the origin. From the discussion at the beginning of this Section, the VEV of X 
has to be small for consistent truncation of higher order terms such as C5X®, CoX®,.... This 
immediately places a condition |Xo| <C 1, he. |c3| 4|c4|. 

This may not be so restrictive condition analogously with the following argument for a 
scalar potential. Consider an arbitrary smooth scalar potential. Its shape may be concave or 
convex. It may increase and sometimes decrease. In a certain domain of held range, one may 
hnd a minimum or some minima. Wherever they are, the gradient of the potential vanishes 
there, and the mass (curvature of the potential) is positive. Our situation is similar. If the 
held is stabilized at all by the Kahler potential and the F-term SUSY breaking of <h, and 

® If there are SUSY breaking sources other than the inflaton during inflation, X may be stabilized by coupling 
them. The term like works similarly where 2 denotes the SUSY breaking held. Also, effects of higher order 

terms such as X® and X® become important in the field region away from the origin. 
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wherever the point is, the third derivative of the Kahler potential vanishes there, and the 
mass is provided by the fourth derivative and F-term SUSY breaking of <h. 

Now we approximately canonically normalize $ by = $/\/2c^, which leads to 


=Cq + CiX + 2^^ — ^ 0 ^ ) (3.107) 


where X = $ + $. In terms of the original parameters, these new parameters are 

Cl 


Co —Co 


C3 


256C43 ' 


Cl 


C3“ 

1604^ 


C 4 


C 4 


C 3 


3ci 


2(C2-g 


4(c2-g 


’ 27o — ~ ■;— 1/ 2 C 2 — -— . 


4a 


8c4 


(3.108) 


It is more appropriate to impose the consistent truncation condition on the canonically 
normalized field. The condition |Xo| ^ 1 is replaced with 




< 1 . 


(3.109) 


Basically, this tells us that |c 3 | should be much smaller than |c 4 |. If it is the case, differences 
between Cn and for lower n are smaller because it involves higher order of Xq. One 
might hope that the VEV Xq can be suppressed accidentally by cancellation between C 2 
and 3 c 3 ^/ 8 c 4 (see eq. (3.108)). But this is not the case because C 4 is negative for positive 
stabilizing mass, while C 2 is positive for the physically viable kinetic term. The constant 
term cq (and also the linear term ciX if one wishes) can be transferred to the superpotential, 
W —)■ Thus, the generic Kahler potential with the only requirement (3.109) is now 

almost the same form as eq. (3.18) with identification c = c( and ( = —Ac^. This means 
that in the parametrization of eq. (3.15), higher order terms are understood to be expanded 
around Xq like c^(X — Xq)^ + c^(X — Xq)® + .... We summarize the meaning of parameters 
in Table 3.1. 


Table 3.1: Interpretation of parameters in the Kahler potential (3.105). 


Co 

normalization of the superpotential 

Cl 

magnitude of X# 

C 2 

normalization of the field 

C 3 

deviation of the VEV from the origin 

C4 

strength of stabilization 


3.4.2 Logarithmic Kahler potential 

Consider the following Kahler potential, 

X = - a In (do + diX + d 2 X^ + dgX^ + ^X^ + ...), (3.110) 
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3.4. EFFECTS OF OTHER TERMS IN THE KAHLER POTENTIAL 


where dots represent higher order terms. Similarly to the previous case, we transform the 
term into the shift of the center of stabilization. Then we separate out the overall 
constant in the logarithm. After that we normalize X such that the linear term has the 
coefficient 1 / ^/a. It becomes of the form 


K = -ohi I 1 + -Ljf + + L _ A'„y I - olniio, 


(3.111) 


with 


X 


« (^1 - w) 


X, Xn = - 


do —do — 




256^43 
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^^3 {d^ - 


4^4 ( do - 


2564^ ’ 


do 


8dd 


do.-^-^] do-J^ 


256c(4'= 


d 4 ( dn - ^ 




, d4 


256^4- 




(3.112) 


(3.113) 


Consistent truncation of higher order terms requires 


Xr 


< 1 . 


(3.114) 


The Kahler potential (3.111) looks similar to eq. (3.23) after we transfer the constant 

^ -a/2 

term —a In do to the superpotential by Kahler transformation as LT —)■ do W. However, 
there is a notable difference. The d 2 X^ term is a new element. In the case of a = 3 in 
particular, this term drastically changes the structure of the potential breaking the no-scale 
cancellation — 3 = 0. Also, Xo, even small, can not be neglected in contrast 

to the minimal Kahler case (Subsection 3.4.1). So, instead of quantifying bearable amount 
of these parameters to keep the results of undeformed model (3.50), we establish necessary 
conditions for viable large field inflationary model. 

The Kahler metric and the key combination X^^XjXg — 3 evaluated at X = Xg are 


X 


1 — 2cid2 “1“ ‘2y/dd2XQ -|- 2cid2 X| 




1 H—^Xq -|- d 2 XQ 


\/a 


—3 -|- fl -|- 6cid2 “1“ (4ci — Q')-\/dd2Xo (4ci^ — Qcijd2 X| 


X®®X''X--_ 

1 — 2cid2 “|- 2-y^d2Xg 2,(ld2 Xg 

For the case of a = 3, these expressions reduce to 


X 




1 — 6 d 2 -|- 2\/3d2Xo 6 d 2 Xg 


1 -l- (^A'g -|- d 2 Xo 


X'^'^XjXi - 3 


6 d 2 ^3 -|- y/SXfj 3d2Xg^ 

1 — 6d2 -|- 2\/3d2Xg -1- 6d2 Xg 


(3.115) 

(3.116) 


(3.117) 


(3.118) 
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The Kahler metric must be positive to avoid the negative norm states, while the latter 
combination is the coefficient of the \ W\^ term and should be positive for large field inflation. 

The contour plot of these constraints iTj| > 0 and — 3 > 0 on the parameters 

d 2 and Xq is shown in Fig. 3.15. The colored regions are excluded. In the blue region, the 
sign of the kinetic term is unphysical, and the three contours correspond to a = 3,4, and 5 
from inside to outside. In the red region, the coefficient of the superpotential squared term 
is negative, and the three contours correspond to a = 3,4, and 5 from outside to inside. 



Figure 3.15: Constraints on the deformation parameters d 2 and Xq in the Kahler potential (3.111). 
The horizontal axis is Xq, and the vertical axis is d 2 - The theory is plagued by the ghost state 
(ATjl < 0) and hence excluded in the blue region. Large field inflation is improbable — 

3 < 0) in the red region. In the blue region, both constraints are not satisfied. For the blue region, 
the three contours correspond to a = 3,4, and 5 from inside to outside, while for the red region, 
the three contours correspond to a = 3,4, and 5 from outside to inside. 


Our undeformed model in the previous Sections sits at the origin (^2 = = 0) in 

Fig. 3.15. Small deviation away from the origin destroys the structure of the Kahler potential 
(the no-scale structure for a = 3) and changes the theory significantly entering the blue or 
red region in the Figure. For example, + required to be in the white 

region at Xq = 0. Thus, the logarithmic models with quartic stabilization term (3.50) should 
be regarded as tuned models. Note that an inhnitesimal negative ^2 leads to the negative 
|IUp term in the large held region for generic superpotentials in the case of the no-scale 
type models (a = 3). This does not immediately lead to the conclusion that such cases are 
excluded for inhationary application. This is because it is enough that the potential has a 
suitable form only in the held region corresponding to 50 to 60 e-foldings. Another comment 
is that there is a narrow allowed band near d 2 — 0. This can be understood as follows. 
When we set (i 2 = 0 in the Kahler potential (3.111), the shift of X by Xq does not generate 
quadratic or cubic term in X and does not change the coefficient of the linear and quartic 
term. It changes the constant term, but it can be again absorbed by the superpotential by 
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Kahler transformation. Thus, the Kahler potential keeps the same form but now without 
Xq. One should keep track of the field redefinition since it also change the functional form 
of the superpotential. However, we can not reliably shift the X when the shift is large as 
we have discussed at the beginning of this Section. That is why we restrict the domain of 


Xn to 


Xn 


< 1 in Figure 3.15. 


potential (3.110) in Table 3.2. 


We summarize the meanings of parameters in the Kahler 


Table 3.2: Interpretation of parameters in the Kahler potential (3.110). 


do 

normalization of the superpotential 

di 

normalization of the field 

d2 

deformation of the Kahler structure 

ds 

deviation of the VEV from the origin 

di 

strength of stabilization 


3.5 Matter coupling and inflaton decay 

We have established that inflation can occur with a single chiral superfield in supergravity, 
without the aid of other superfields. But we have to consider other matter superfields 
possibly present in the theory at the end of the day. After all, there should be Standard 
Model particle contents, and some SUSY breaking fields in our supergravity framework. 
These matter are not introduced to realize inflation itself, but to describe our real world 
and a realistic cosmological history. After inflation, the inflaton has to decay into particles 
to reheat the universe. The energy stored in the inflaton field is converted to kinetic and 
potential energy of lighter particles and hnally to thermal energy of radiation. It is the 
beginning of the hot Big-Bang universe. So, let us consider coupling of the inflaton sector to 
other matter sector in the theory. If they are decoupled at the global SUSY level, coupling 
among various fields with gravitational strength are generically induced in supergravity. We 
consider some examples of coupling, and study potential effects of inflaton on other sectors 
and vice versa. 

For simplicity, we consider the minimal coupling between the inflaton and other sectors 
in the superpotential. 


LF($, 0*) = IU(“f)(*^) + (3.119) 

where IU™^($) and IU°*^(0*) are the superpotentials of the inflaton <F and other fields col¬ 
lectively denoted by 0L This separation is preserved in the renormalization group running 
by the non-renormalization theorem [202-204]. 

First, consider the “minimal” inflaton Kahler potential (3.15) and its minimal coupling 
to other superfields, 

A(d),0*,$,^^) = i ($ + $)'- ^ + (3.120) 

where iC°*'^(0h ^) is the Kahler potential of other superfields. This separation in the Kahler 
potential is not ensured by any symmetrical reasons. For example, there may be shift 
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symmetric terms like which affects the following results. The choice of the 

minimal Kahler potential is based on simplicity, and we take it just as an example. The 
situation may be realized accidentally at some renormalization scale (hopefully at the energy 
scale of inflation or reheating) during renormalization group running. An advantage of the 
minimal Kahler potential is that there is no kinetic mixing between $ and 0L 
The scalar potential following from eqs. (3.119) and (3.120) is 

U = + 2% {WW^ + WW^) + + (4$" - 3) IIUI") . 

(3.121) 


Derivatives of $ or cjf imply they are the quantity depending solely on each sector, e.g. = 
and Ki = because of the assumption of minimal coupling. Beware that D^W = 

Wi + KiW contains We have substituted 4) + $ = 2d>o, but it should be kept in mind 

that the stabilization becomes loose when the SUSY breaking due to inffaton, which drives 
inflationary expansion of spacetime, becomes small. If the minimum where the inffaton 
reaches at the end of inflation is supersymmetric, both the real and imaginary components 
of the inffaton have the same mass. In other cases, it has to be checked that the minimum is 
stable in both directions. We consider the effective theory after integrating out heavier SUSY 
preserving fields than inffaton. If lighter fields than the inffaton are present, its displacement 
from the low-energy values may cause moduli problem. But they acquire Hubble induced 
masses. The Hubble induced mass squared of 0* is, assuming the minimal Kahler potential 
for (jf, 


m 


2 




3H^ 

4<h2-3’ 


(3.122) 


where we have used the Friedmann equation 3H^ = U ~ e^*o(4<FQ — 3)|lUp. We take 4 $q —3 
positive to have the positive |LFp term, but if we increase it so that 44 >q — 3 > 3, the Hubble 
induced mass becomes smaller than the Hubble scale. When the Hubble-induced mass is 
larger than the Hubble scale, the otherwise light fields are frozen near the origin. 

These arguments are somewhat rough, so let us look at eq. (3.121) more carefully. A 
term proportional to \W\^ is present in the D^WDjW term in the form KiK^\W\‘^. 

This kind of term is in quite contrast to the framework based on the stabilizer superffeld S 
(Section 2.3) in which oc S vanishes during inflation. If there are fields whose VEVs 

are of order the Planck scale, this term affects the inflationary dynamics since it is the same 
order of the dominant term in the inffaton potential, (4 <Fq — 3)|Wp. But the VEVs of fields 
are expected to be suppressed by the Hubble induced masses, so the inffaton potential is not 
affected by the term. If it is a good approximation to regard the last term in eq. (3.121) 
as the dominant contribution to the inffaton potential, |W$| should be small compared to 
|IU| during inflation because otherwise the slow-roll condition is not satisfied. So, the second 
term in eq. (3.121) does not have a large effect. These remarks are less applicable when 
the scale of the coupled sector are not much below the inflation scale. In particular, SUSY 
breaking sector may have not small VEVs and F-term, ^ 0 and/or ^ 0. Moreover, 
we can not integrate out SUSY breaking sector and keep SUSY description for the resultant 
effective theory. When the SUSY breaking scale is larger than the inflation scale, it can 
significantly affect the inflationary potential e.g. through the terms 2<FoRe(W*'°*'^^LF$) and 
'Re[DzW This feature that SUSY breaking scale higher than the inflation scale 
spoils inflationary dynamics is similar to the case of the framework using the stabilizer 
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superfield [214,215]. Some aspects of effects of SUSY breaking sector on the inflaton sector 
are easily understood from the superconformal approach [215]. The scalar potential is scaled 
when we move from Jordan frame to Einstein frame by a conformal factor. The conformal 
factor is a power of the frame function (0/3) = When this factor contains inflaton, the 

inflaton potential can be drastically (exponentially) changed via the rescaling of the SUSY 
breaking term. In our case, the Kahler potential is shift symmetric and does not depend 
on the inflaton, and there are no effects of the conformal rescaling in such cases [215]. One 
still have to examine direct couplings already present in the Jordan frame, as we have done 
above. 

One of the distinguishing features of our framework is that the hrst derivative of the 
Kahler potential with respect to the inflaton is not suppressed. This implies that the 
particle production from inflaton decay is not suppressed [216,217]. The reheating is efficient, 
but production of unwanted long-lived particle, gravitino, is also not suppressed. The two- 
body decay rate into scalars or spinors, and the three-body decay rate into three scalars or 
a scalar plus two spinors are [217] 


p(2-body) 

2ttMq ’ 


P (3-body) 




(3.123) 


where m and are the mass of the hnal state particles and the inflaton, and y is the 
relevant trilinear coupling constant (Yukawa coupling). When there are heavy helds such 
as SUSY breaking held or right-handed neutrinos, decay into these particles are enhanced. 
Concerning three-body decay, the top Yukawa coupling is the largest in the visible sector 
and it is of order one. The three-body decay rate can be regarded as the lower bound of the 
decay rate. 

In passing, let us introduce a direct coupling between inhaton and matter helds like 




(3.124) 


where c is the coupling constant, and A and B are chiral superhelds such as Higgses Hu and 
Hd or right-handed neutrinos N. The coupling constant c is bounded as eq. (2.40), so the 
decay rate ~ jg ^igo bounded from above. Combining with the lower bound in the 

/ \ 1/4 

previous paragraph, we can constrain the reheating temperature Tr = ( \/MqT 
as 


2 X 10®GeV 




VlOi^GeV/ 


V < Tr < 7 X lO'^GeV ( 




:V 


Vl0i3GeV7 


(3.125) 


where we took = 240 and $o = 1. This range of the reheating temperature is consistent 
with thermal leptogenesis [218]. 

Gorresponding to the anomaly of the shift symmetry, the following coupling may be 
present [219] 


^y'd^GcW^W^ + H.c., (3.126) 

where c is the real coupling constant, and is a gauge held strength chiral superheld. The 
shift in the imaginary direction generates a total derivative, and the symmetry is broken 


76 










CHAPTER 3. INFLATION IN SUPERGRAVITY WITH A SINGLE GHIRAL SUPERFIELD 


non-perturbatively. The decay rate into gauge bosons and gauginos through this coupling is 


p (gauge) 


Yg|cpm^ 
1287rM^ ’ 


(3.127) 


where Ng is the number of generators of the gauge algebra. If the imaginary part continues 
to be a mass eigenstate at the time of decay, or mixing with the real part is ineffective, 
the inflaton can not decay through super-Weyl-Kahler and sigma model anomaly-induced 
channel [220, 221] into gauge bosons and gauginos. Whether it continues to be a mass 
eigenstate depends on phases in the superpotential. When it becomes no longer a mass 
eigenstate and mix with the real part, oscillation time scale should be compared to the 
decay time scale T"^. Here, oscillation time scale is determined by mass splitting and it is 
due to SUSY breaking, hence the gravitino mass 7113/2 = is relevant. For the inflaton 

whose decay is due to Planck-suppressed operators and inflaton mass of 0(10^^) GeV, the 
typical threshold for gravitino mass above which mixing is effective is 0{1) GeV [222,223]. 
The super-Weyl-Kahler and sigma model anomaly-induced decay rate depends on the hrst 
derivative of the Kahler potential with respect to the parent particle [217,221], so the rate 
from the imaginary part (inflaton) vanishes. This feature is same for all shift symmetric 
models [45,223]. 

Let us see whether inflaton decay into gravitinos are kinematically possible or not for 
models in Section 3.1 which break SUSY after inflation. In both of the quadratic mod¬ 
els (3.9) and (3.31) for the polynomial Kahler potential (3.15) and logarithmic one (3.23) 
with a = 4, gravitino mass 7 x 13/2 is related to the inflaton mass as 7 x 13/2 = |2 ± A/3|m^. 
The origin of the sign options is two solutions of the condition U = 0 with respect to the 
constant term in the superpotential. Ghoosing the upper sign results in the heavier gravitino 
into which inflaton cannot decay. On the other hand, the lower sign results in the lighter 
gravitino into which inflaton can decay. Similarly, in the case of the model of the Starobinsky 
potential (3.12) with polynomial Kahler potential, inflaton decays into gravitinos depending 
on the choice of the parameter b. In the case of the Kahler potential (3.34) and the super¬ 
potential (3.40), which is another realization of the Starobinsky potential, the inflaton mass 
is given by eq. (3.43) while the gravitino mass is given by (|co| + 2\/2|c3|<Fo)^/8<I>o where we 
have used Re(c 3 Co) = Im(c 3 Co) < 0 (see the texts after eq. (3.40)). In this case, the decay is 
forbidden. For the Starobinsky-like model of the Kahler potential (3.34) with <I)o = 0 and 
the superpotential (3.44), the inflaton mass scale squared is given by Re(c 3 Co) while that for 
gravitino is given by |cop. Since |c 3 | has to be much smaller than |co| in this model to ob¬ 
tain sufficiently flat Starobinsky-like potential, the gravitino mass is larger than the inflaton 
mass. Again the decay is impossible. Thus, inflaton can decay in some models but cannot 
in other models. 

Let us consider the case in which the inflaton breaks SUSY also after inflation, = 

3. In such a case, gravitino is copiously pair-produced by inflaton decay, if kinematically 
possible, with the rate [224,225] 


( ^ 'rn'r 

p (gravitino) ^ _ X ^ X 

96717xi‘^^^Mq GttMq ’ 


(3.128) 


where we have substituted 7 x 13/2 ~ equality since gravitino mass 7 x 13/2 is 

of the order the inflation scale when the inflaton breaks SUSY after inflation, but it is less 
than the half of the inflaton mass when the decay is kinematically possible. Actually, the 
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above rate (3.128) is obtained using the known result with approximation 3> ^ 3 / 2 , but 
the order of magnitude is expected to be same in the case ~ ^ 713 / 2 . It is just the typical 
Planck-suppressed decay rate. Thus, gravitino becomes a main component of the universe. 
Since the decay rate of gravitino is comparable to that of inflaton, gravitino decays shortly. 
The lightest supersymmetric particle (LSP) are copiously produced by the gravitino decay, 
and its abundance is way too large to be consistent with the observed dark matter abundance. 
i?-parity breaking or thermal inflation [199] is needed to decrease the LSP abundance. 

On the other hand, if inflaton preserves SUSY at the vacuum, gravitino production 
is less significant, but they are still produced by mixing effects with the SUSY breaking 
held [226,227]. The rate in such a case is given by 


, .. . 

p(gravitino) ^ I I X 

288777773^2^0 ’ 


(3.129) 


where the effective coupling constant [227, 228] is evaluated in our minimal coupling 

case as 



"73/2777^ 


mx [ml - ml] 


(3.130) 


where is the mass of the SUSY breaking held z. When we introduce non-minimal coupling 
like ^(<I) -|- $)|0*p, these decay rates change, but the above rates are thought to be the 
lower bound of decay rates since unless cancellation occurs the order of magnitude does not 
decrease. The gravitino yield, = 773 / 2 /s where 773/2 and s are the gravitino number 

density and the entropy density, following from the above decay rate into gravitinos is 


■^(direct) 

■' 3/2 


~ 2 X 10“^® 



\ f lO^^GeV y ^ 777 , W 

VUot/ V 1 / V "^X / ^lO^GeVy 


(3.131) 


where we have dehned the total decay rate of inhaton as Ptot = ■ The thermal gravitino 

yield is known to be [229-233] 


.p (thermal) ^ 

-' 3/2 — ^ 


X 10 


-13 


1 + 






^T77 ^ 

0^3/2 


lO^GeV 


(3.132) 


where is the gluino mass at zero temperature. Thus, the thermal gravitino is dominant 
over the direct decay products from inhaton in our current setup. From big-bang nucleosyn¬ 
thesis (BBN), the reheating temperature (gravitino yield) is constrained as Tr < lO^GeV ~ 
lO^^GeV (F 3/2 ^ 10“^^ ~ 10“^^) depending on the gravitino mass [233]. For complete analy¬ 
sis, gravitino production from the SUSY breaking sector should also be taken into account, 
but we do not go into these details. See Refs. [222,223,234,235]. Also, when gravitino is 
heavier than about 30 TeV, constraints on gravitino decay itself is absent, but the LSP abun¬ 
dance from gravitino decay is constrained not to exceed the observed dark matter abundance, 
Tcdm = 5 X 10“^^ (10^GeV/777cDM), where GDM denotes cold dark matter. The LSP dark 
matter can pair-annihilate to decrease its number, so Flsp is at most of order of ^ 3/2 if order 
one LSPs are produced from one gravitino. The actual value of Ylsp is model-dependent, so 
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we stop our general discussion here. The bottom line is that the low-energy SUSY break¬ 
ing scenario S> Tn ^/2 in our single superheld inflation is consistent with (or saying more 
conservatively, not immediately excluded by) these observational constraints. 

We have also used the logarithmic Kahler potential for single superheld inflation, so let 
us next consider the following coupling. 




-31n( 1 + ^(<I) + <I)) +^ (3.133) 


This again leads to no kinetic mixing, and we can easily write down the scalar potential. 


U = {\W^\^ - (IUIU$ + WW^) + . (3.134) 


We have again substitute the expectation value of the real part 4) -|- = 0. At the end of 

inflation, the stabilization is loosened. If we impose the phase alignment condition (Sub¬ 
section 3.2) on the inflaton superpotential, W and its conjugate in the second term reduces 
to and its conjugate. If we further impose it on the full superpotential, the second 

term —y/S {WW^ -|- IUIL$) vanishes. The Hubble induced mass for fields 0* whose Kahler 
potential is minimal is 


~3A + 


(3.135) 


where we have used Friedmann equation 3iL^ = U ~ |hF$p, and we have added the term 
|iy(inf )|2 omitted in Ref. [223]. The fields are fixed near the origin during inflation. Various 
features are qualitatively similar to the minimal Kahler case above except the absence of the 
last |IUp term in eq. (3.121). For example, ~ —a/S is not suppressed unless its value 
changes much at the end of inflation. Various partial decay rates are the same order as the 
minimal Kahler case. The effective coupling (3.129) for the rate into a pair of gravitinos is 


I 


~ 27 




[m 


-ml) 


(3.136) 


This is the same order as eq. (3.130), and the gravitino is mainly produced thermally. 
Finally, consider the minimal coupling inside the logarithm. 


= -3 In 


1 + ^ ($ + $) + I (<!) + $)" - 00 

V 3 9 


(3.137) 


where is a Hermitian kinetic function. This is the form of conformal or geomet¬ 

rical sequestering [236]. The Kahler metric and its inverse are obtained as 


K 


ij 


{n/3y 


j 

w * 


{Vt/3)Jfj + \JiJj 


=(n/3) 


n/3 +1JA* 


j-jj 


— J’ 

JJ^ 


(3.138) 


where (f2/3) = e is the frame function characterizing the original Jordan frame, indices 
run over both the inflaton 4) and other fields Indices of the matter “Kahler 
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potential” J are lowered (raised) by the “Kahler metric” Jq (its inverse J-’*). The scalar 
potential is 

((^^/3+^J.J*) \w^\^-V3{wW^ + Ww^) 

I 

Many points are qualitatively similar to the previous cases, but there are no terms propor¬ 
tional to |LUp. In particular, no coupling between |IU(™b|2 other helds exists. The 
Hubble induced mass squared for helds cjf is 

~ (3.140) 


JWiW^ + .rWjW^ 




(3.139) 


so the held rapidly settle to the origin and hxed there. Then VEVs of helds vanish, and J* 
term in the hrst line and the hrst term in the second line can be neglected. Again, if the 
SUSY breaking scale is low enough, the inhationary dynamics is not ahected. 

Regarding partial decay rates, three body decay rates are suppressed by the structure 
of the Kahler potential [217,223]. The two-body decay rate into scalars and spinors is of 
the order Mq. The holomorphic bilinear term is motivated by Giudice- 

Masiero mechanism to yield the ehective fi term [237]. The ehective coupling of gravitino 
pair production is 


?(eff) I 


Jz + 


2IU. 




mt 


— ml 


This leads to the gravitino yield of 


■w-(direct) 
■'3/2 


~ 6 X 10“^® 



1 
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/ 1 \ no^^GeV\ 
\ctot) \ J 


/ m3/2 

UQSGeVy ’ 


(3.141) 


(3.142) 


and again negligible compared to the thermal yield (3.132). 

Before concluding this Section, we briehy discuss possible non-minimal couplings like 
.^(d) + $)|0*p and A(<I) -|- $)^|0p. The former coupling enhance the partial decay rate into 
a pair of 0* particles. If it is a right-handed (s)neutrino, it may help leptogenesis [218] via 
its decay. If it is the SUSY breaking held, it enhances gravitino production [224-227]. The 
latter coupling more strongly stabilize the 0* held during inhation provided A < 0 in the case 
of the minimal Kahler potential and A > 0 in the case of the logarithmic Kahler potential. 

We have seen in this Section that helds are stabilized near the origin by the Hubble 
induced masses. They do not ahect the inhaton potential unless SUSY breaking scale is 
comparable or higher than the inhation scale. In such a case, SUSY breaking ehects manifest 
itself as W and LU. Actually, W is not necessarily related to SUSY breaking scale in de 
Sitter spacetime, and other helds that makes W large if present should be also taken into 
account. 


3.6 Generalization to charged superfields: MSSM Higgs infiation 

Now that we have studied basic features, stabilization mechanism, and inhationary dynamics 
of the sGoldstino inhation in supergravity, let us explore some generalizations of our results. 
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All of the above examinations are based on the assumption that the inflaton is a gauge 
singlet. We now consider an inflaton charged under some symmetries. Examples of such 
inflationary models include Higgs inflation [144], inflection point inflation in an MSSM flat 
direction [238], and D-term chaotic inflation [79]. For Higgs inflation, the Higgs held is 
charged under SU(2). For MSSM-hat-direction inhation, the hat direction is gauge invariant 
combination of charged helds. For D-term chaotic inhation, inhaton is a combination of 
some charged helds. Among these inhationary models, Higgs inhation is embedded into 
supergravity with the aid of a stabilizer superheld, which can be naturally identihed with 
the singlet in NMSSM [125,126,149-151].'^ So, let us study the possibility to remove the 
singlet stabilizer. We thus consider Higgs inhation in MSSM rather than in NMSSM. 

We hrst remember some necessary conditions to reproduce appropriate low-energy elec- 
troweak theory after Higgs inhation. The inhaton should settle to SUSY preserving vacuum 
after inhation since SUSY breaking is supposed to happen in a hidden sector. The mass and 
VEV of the Higgs have to vanish approximately after inhation since these are electroweak 
scale and supposed to be much lower than the inhation scale. 

As we have discussed in Subsection 2.3.4, all the known models of Higgs inhation in 
supergravity are based on some non-minimal Kahler potential. We will also consider non- 
minimal Kahler potentials to try to embed Higgs inhation in MSSM, while we take the 
superpotential same as that in MSSM with a constant to cancel the cosmological constant, 

W = fiH^H^ + Wo. (3.143) 

The possibility of Higgs inhation in MSSM was discussed by Einhorn and Jones for log¬ 
arithmic Kahler potential [149] and by Ben-Dayan and Einhorn for minimal Kahler poten¬ 
tial [151]. It was found that Higgs inhation does not occur in both cases since the potential 
becomes negative. We revisit MSSM Higgs inhation in supergravity, with a stabilization 
term in the Kahler potential. 

The formulations and results in the previous Sections can not be straightforwardly reused 
in the case of charged helds. For example, one will immediately face troubles in using the 
stabilization terms in eqs. (3.15) and (3.23) with a charged held C. The combination 

ac + c-CoY 

is not invariant with respect to the symmetry under which C is charged unless the repre¬ 
sentation of C is equivalent to its complex conjugate representation. Moreover, the constant 
Co must vanish unless U is a singlet. The shift symmetry has been generalized in the litera¬ 
ture [119,151], whose results are applicable to charged helds. One way is as follows, [151] 

Hu Hu J- c, Hd —)■ Hd — i<J 2 C^ (3.144) 

where c is a constant SU(2) doublet, and <72 is the Pauli matrix. A combination, 

H = Hu- ia2Hd, (3.145) 

transforms coherently as a doublet 2. The gauge invariant can be formed as HH. This 
is possible because the fundamental representation 2 of SU(2) is equivalent to its complex 
conjugate representation 2. Note that this H is not a (left) chiral superheld (in the narrow 

There is also a small-field inflection-point inflation model with higher order terms in the superpotential [239], 
and a large-field model driven by soft masses with a monodromy structure and stringy corrections [240-242], 
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sense; it is a sum of left chiral (chiral) and right chiral (anti-chiral) superhelds). Another 
way to implement a shift symmetry is [119,148] ^ 

^ (3.148) 

where n is an integer, and c is a constant. The doublets are contracted as usual: it is more 
precisely written as HYo' 2 Hd = We can generalize this further by replacing 

{HuH^Y with an arbitrary holomorphic function J{—HuHY) of —11^11^. If we take c real, 
the invariant combination is the real part, ReJ(—iL„iLd). The two shift symmetries (3.144) 
and (3.148) are not compatible with each other. 

Because we do not want Higgs helds to have larger VEVs than the electroweak scale, we 
are led to the stabilization at the origin. We can not have gauge invariants linear in Higgs 
helds, so it is non-trivial to have nonzero hrst derivatives of the Kahler potential so that 
the condition (3.1), i.e. K^^KiKj > 3, is satished. Notice the fact that the no-scale type 
Kahler potential (3.23) or (3.50) does not require nonzero VEVs to satisfy the condition 
(3.1). One may consider to use a no-scale modulus T to realize K^^KxKf = 3 so that the 
superpotential squared terms cancel. But if it preserves SUSY at the inhation scale, the 
negative superpotential terms of the inhaton sector is regenerated after one introduce the 
inhaton sector. That is, the the supersymmetrically stabilized Kahler modulus shifts so that 
its F-term vanishes, and it destroys the no-scale cancellation. This fact was pointed out in 
Ref. [214]. Also, if one introduce another superheld at all, the NMSSM model [125,126,149- 
151] is more elegant. 

Although we can not use linear Higgs terms since it breaks the gauge symmetry, we 
can obtain a nonzero hrst derivative of the Kahler potential using the inhaton value during 
inhation if we take a suitable Kahler potential. Consider the following Kahler potential, 

K + c {J{HM + JiTUTd)) 

+ i ^ + JYUTYY , (3.149) 

where c and ^ are real constants, and J{X) is an arbitrary holomorphic function of X. We 
will consider a class of function J{HuHY) that is much larger than the canonical terms \HyY 
and \HjY in the held domain corresponding to inhation. Thus, this Kahler potential has an 
approximate shift symmetry of (the generalized version of) the second type (3.148). 

Neglecting the canonical terms and dehning a composite chiral superheld <I> = J{HuHd), 
the above Kahler potential becomes 

F ~ c(<I) + $) + ^($ + $)2 - ^(4) + $)h (3.150) 

® A solution of the transformation in terms of Hu and Hd is 

+ <*■«> 

where dots denote higher order terms in the transformation parameter c, and they can be solved order by order. 
This highly non-linear transformation forbids the remaining building blocks, \H„\^ and \Hd\‘^, of gauge invariant 
combinations in the Kahler potential. We do not want to forbid these terms exactly, but we want the symmetry to 
appear approximately at a high energy scale as an “accidental” symmetry. 
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This is the same as eq. (3.18) for single superheld models of inflation! In terms of <I>, the 
superpotential is 

W = + Wo, (3.151) 


where J~^ is the inverse function of the arbitrary holomorphic function J but not the recip¬ 
rocal of the value of J. 

Let us hrst consider a simple example, <I> = J{X) = kX. The parameter k should be 
large, k 3> 10^, for the shift-symmetry breaking terms in the Kahler potential not to affect 
the inflationary potential. The inverse function is X = J“^(<l>) = Plugging this into 

the MSSM superpotential (3.143), it becomes 


W = + ITo- 

This is the superpotential of the Polonyi model [243]. The scalar potential is 


U = 


R 

d 

K, 


R 

T 


1 


(c^ - 3) + ImLUo^ + (1 + cRelUo)' - 3(ReIUo)' 

(c^-3)^ + (l + cWoy-3wA , 


(3.152) 


(3.153) 


where Wq = LUo(r/^)~\ and we have required that it is real in the second equality. Oth¬ 
erwise, the Higgs inflation ends with the inflationary scale VEV, and the electroweak scale 
becomes too large. Also, note that the inflation scale is determined by the combination p/k, 
and it is greater than /i itself. For typical large-held or chaotic inhation, the scale of the 
inhaton mass (~ r/k) is 0(10^^) GeV. For the constant term not to dominate the potential, 
Wq should be at most of the order of the inhationary scale, |r/k| > |hUo|- 

At this stage, we comment on the relation between the electroweak scale and the inhation 
scale. For the above Kahler potential (3.149) with J{X) = kX, the holomorphic term 
in the logarithm induces a contribution to the ehective /i term through Giudice-Masiero 
mechanism [237]. The mechanism is tightly related to SUSY breaking. The ehective fi 
term contributions originates from the F-term of the SUSY breaking held 2 ; and the F-term 
of the compensator (in the super conformal formalism) or the auxiliary held of the gravity 
supermultiplet (in the curved superspace formalism). Gombining it with the original p term, 
the ehective p term is. 


Peff = R + K^dWo - 


(3.154) 


where we have used {W) = Wq. To reproduce the electroweak scale, we have to satisfy 
the following constraint among the fies, and soft SUSY breaking masses and 

Bfies [244], 


m| 




— m 


Hu 


- sin^ 2/3 


- m]j 

n.u 




-2|r, 


eff 


(3.155) 


where 


sin^ 2/3 


+ 2|Reff|2 


(3.156) 
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That is, we reduce the /x-problem by taking /i larger than the inflation scale, but enhance 
the little hierarchy problem to a hierarchy problem. This flne-tuning is the necessary cost 
we have to pay to realize F-term Higgs inflation in MSSM. 

Let us see more closely what hierarchies are required to satisfy the above equations. 
First, look at eq. (3.155). There is a possibility to drive inflation with soft SUSY breaking 
masses [106,240], but if we assume the soft masses are smaller than the inflation scale (see 
below), the effective fi term (/ieff) has to be also smaller than the inflation scale (r/k), 
to reproduce much more small scale mz by flne-tuning. To suppress the effective fi term, 
another tuning is needed in eq. (3.154). Since r is larger than Hq, |r| ^ Ir/^I ^ \^o\, 
Kud or Kudz has to be of order n for the cancellation. When we discuss other examples of 
J{HuHd) like J = below, the presence of the term like kHuH^ in the function J is 

therefore implicitly assumed. It is subdominant during inflation, but important to reproduce 
the electroweak scale. 

We assume that couplings between the inflaton superfleld and the SUSY breaking held 
respect the shift symmetry allowing terms like z{^ + 4>), |^P(*h -l- $), and |.^P(*F -|- 4>)^ etc. 
The first term induces the kinetic mixing between z and d*, so it should be suppressed to 
some extent. If we take parameters so that these terms do not change the value of <h $ 
much during inflation, its supersymmetric effects {e.g. change of held normalization) on the 
SUSY breaking held z is negligible aside from the above mentioned kinetic mixing effect. 
Similarly, the effects from the SUSY breaking held to the non-inflaton is negligible provided 
that the VEV of z is suppressed. On the other hand, these fields give masses to each other 
vie their SUSY breaking F-terms helping stabilization of each held. Because of the shift 
symmetry, the inflaton potential is not affected as far as the value of <F -|- is suppressed 
enough. In contrast, these couplings give us some freedom to satisfy the phenomenological 
constraint (3.155) at the vacuum. So, we just assume, at the current level of investigation, 
that it is satisfied, and continue further to explore possibilities of MSSM Higgs inflation. 

We need to cancel the cosmological constant at the vacuum, and it implies the SUSY 
breaking scale is the same as Wq. When it is comparable to the inflation scale®, we can 
not simply neglect the SUSY breaking sector. A complete analysis involves the dynamics 
of the SUSY breaking held, but it depends on the SUSY breaking model. One may want 
to take advantage of the nilpotent held to eliminate the dynamical scalar z from the theory 
(see Section 2.3.3). But in our case, inflaton also breaks SUSY during inflation, and the 
consistency of the nilpotency condition only on z is doubtful. For simplicity, we add the 
following terms to the Kahler potential and the superpotential, 

=\z\^ - i\z\\ (3.157) 

AIU =lz, (3.158) 

where the ^ term is introduced to freeze the dynamics of ^ near the origin. The mass of 
2 ; is proportional to a/^. The VEV of 2 ; is inversely proportional to so we neglect it by 
taking a large 1). Thus, we have dynamical 2 ;, but it is decoupled and the results are 
similar to the nilpotent case. As discussed in the previous paragraph, there may be coupling 
terms between and <h, but we assume that their effects are insignificant during inflation 
because of their small VEVs ensured by the large stabilization parameters C, and At the 

® SUSY models with SUSY broken around the intermediate scale have been studied in the literature [240,245-251]. 
It is motivated by the 125 GeV mass of the Higgs boson [252], and by the fact that the Higgs quartic term crosses 
zero around the intermediate scale although the current uncertainty is sizable. Connections of the scale to axion 
physics and right-handed neutrinos have also been discussed [247]. 
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vacuum (K ~ Hu — Hd — 0), the condition U = 0 implies |/p ~ 3Wq = 3/i^/c^K^. In our 
approximation, the WzW term or its conjugate is absent since it is proportional to or its 
conjugate and they in turn are proportional to 2 ; or z. So we have to add 

AU = e^K^^\Wz + KzW\‘^ = e^\l\^ = 3e-^|IUoP- (3.159) 

With this uplift, the potential (3.153) becomes 

+ (l + cWo)'^. (3.160) 

In this expression, the cosmological constant does not vanish at the origin, but the description 
in terms of $ is not valid in the small held region. In terms of and Hd, it is clear that it 
actually vanishes. 

Although we must impose the phase alignment condition ImlUo = 0 for inhaton to go to 
the origin and the Z mass condition (3.155) around the origin to reproduce the electroweak 
scale, it is remarkable that the simple quadratic potential for the Higgs-inhaton emerges in 
MSSM. It is implied that our strategy can be more easily applied to other charged superhelds 
not necessarily related to the visible standard model sector. 

Let us consider radiative corrections to the inhaton potential.' During inhation, SUSY 
must be broken. Masses of bosons and fermions typically split by the Hubble scale H. If 
couplings between these supermultiplets and Higgses are not suppressed, self-energy correc¬ 
tions to the Higgses are of order the Hubble scale H. It means that the slow-roll parameter 
Tj is ahected signihcantly. This ruins the inhationary scenario of the model. In the standard 
case with the stabilizer superheld S, for example, SUSY breaking of S is indeed the same 
scale as the Hubble scale, 3iL^ = V = |H^sp. Also in our case, SUSY breaking of the inhaton 
<h is the same scale as the Hubble scale, 3H^ = U ~ \W\^ ~ |D$1U|"|H$ -|- K<^,W\‘^. Since 
the couplings between the inhaton and other helds break the shift symmetry, such couplings 
are supposed to be suppressed by the parameter governing the shift symmetry breaking, 
which is typically the energy scale of inhation or inhaton mass scale. However, in our case, 
the inhaton as the Higgses apparently has unsuppressed couplings to the MSSM sector. Ac¬ 
tually, this is not the case if we take into canonical normalization into account. If we call 
the coupling constant of the Higgs Hu or Hd to some particle y {e.g. Yukawa coupling), the 
coupling between the particle and the inhaton d) = nHuHd is scaled as yjn. Since we assume 
K is large k S> 1 , the quantum correction is suppressed by n and the loop factor such as 
(167r)“L 

Let us revive the canonical terms in the Kahler potential, and study the property of 
running kinetic term. We hrst neglect the stabilization term and consider the remaining 
part. Furthermore, we truncate the theory to the neutral sector along the lines of Refs. [126, 
149-151]. We will come back to these points later. 

K =\H:f + \Hy + c {j(-HlHl) + J{-HWi)) 

+ I + Ji-HiHl))" - ) {j(-HlHl) + , (3.161) 

^ Some of the following points became clear in discussion with T. Kitahara, K. Mukaida, and M. Takimoto. 


u = 


3 )^ 
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The first derivatives in the iT-fiat direction [151] (J + J = 0) are — cH^J', and 

Hd = — cH^J'. The Kahler metric and its inverse in the iT-fiat direction are 


fl + \Hl\VT \ 

_1_A + \Hy\jf \ 

1 + +iff»p) I j'p I JT 1 + mwr)' 


The eigenvalues of the Kahler metric are 

1 + {\H^S + \H°\^)\J'\\ and 1, 

and the corresponding eigenvectors are 


Hl\ 

H^u/ 



and 



(3.162) 

(3.163) 


(3.164) 


(3.165) 


respectively. In the large J limit, the latter eigenvalue becomes large, and this fact exactly 
match that the theory apparently depends only on $ in the J —)■ oo limit. So, we identify 
the latter mode with the inflaton. 

Now, we parametrize the neutral Higgs helds as follows. 


=h cos (3, 


=hsin/?e'“, (3.166) 


where we have taken into account the fact that one phase degree of freedom is eaten by the 
gauge boson (Higgs mechanism), and we take 0 < f3 < 7i/2. The mode corresponding to <h 

is 


u = (sin/?e*“) hcos/3 + (cos/3) hsin/?e*“ ~ hsin2/3e*“, (3.167) 

and the mode perpendicular to it is 

V = (cos/3) hcos/3 — (sin/3e“*“) hsin/3e*“ ~ hcos2/3. (3.168) 

Let us express the K- and H-fiat directions in terms of the parametrization (3.166). For 
simplicity, we take J = (—but other cases can be treated similarly. The stabi¬ 
lization term has the form sin""/3 cos”/3 cosnQ;)"^. 

Thus, the iF-fiat direction in which held (approximately) does not experience the factor 

is 

sin”/3cos”/3cosna = 0 (iF-hat direction). (3.169) 

The H-term potential 


Vd 


{g^ + g'Y 

8 

{g^ + g'Y 

8 


Y cos^ 2/3, 


(3.170) 
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defines the D-flat direction, 


cos 2/3 = 0 


(D-fiat direction). (3.171) 


In the above, we have assnmed that the gauge kinetic function is minimal, Hab = ^ab- 
The joint subspace of the K- and H-flat directions (3.169) and (3.171) is the infiaton 
candidate direction, (3 = vr/d and a = ±7r/2n. Substituting these into eqs. (3.166), (3.167), 
and (3.168), we can extract the infiaton component. 


=J]_ = 

^ V2 V2 


h 

ttO _ ±*7r/2rt 


^/ 2 ’ 


(3.172) 


in the K- and H-flat direction. Note that n = 0 in the H-flat direction. 

After the angular modes (and the charged helds) are stabilized, the infiaton is identihed 
with the radial mode. Substituting eq. (3.172) and J = into the eigenvalues of 

the Kahler metric, they become 1 and 1 + . The kinetic term of the infiaton 

is 

-(1 + An^K^^{h/2Y^-Yd^^hd^h = (3.173) 


where we have dehned the canonically normalized infiaton h. When the held is sufficiently 
large, 4n^K^"'(h/2)‘^”“^ 3> 1, the canonically normalized inhaton is h ~ 2\/2K^{h/2Y'^. 
Taking n = 1, this is identihed with the canonically normalized inhaton x = y/2lm^ = 
\/2lmJ{—H^H^) = Kh?/\/2 in eq. (3.153) justifying our previous treatment. 

We now move on to the inhationary potentials originating from more generic 
We can not diherentiate the inverse function of an arbitrary function, and have to assume the 
functional form of J. For simple choices such as a polynomial, its inverse function has poles 
and branch cuts in the held space of $. If the original function J were such a function with 
poles and branch cuts, observables such as the ehective gravitational coupling (or precisely 
the corresponding cross sections or rates) change when the phase of the Higgs rotate 27r. The 
Riemann surfaces of the Higgses would be physically inequivalent. If it could be justihed, 
one can obtain some holomorphic functions J~^. We do not pursue this further, and assume 
a legitimate holomorphic function J. In contrast to the above discussion, poles and branch 
cuts are not necessarily a problem in terms of a composite superheld <h. The inequivalent 
Riemann surfaces are artifacts of held redehnition $ = This comment can be 

applied to the superpotentials in Section 3.2, if we assume the singlet inhaton $ in the 
Section is also originated from some composite chiral superhelds. 

As the next example, we take J = [nHuHaY■ The qualitative feature is the same if 
we take an n-th order polynomial which also contains terms of powers less than n if the 
largest power term is dominant in the large held region. We identify the inhaton superheld 
<h with J = The inverse function is H^Hd, = J“^(<F) = That is, the 

superpotential (3.151) is 


W = +1^0, 

K 


(3.174) 
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The scalar potential is 


U = 



+ 2 (^ReLUo cos ^ + ImHosin ^j + iLUo 




n 






It seems that the terms in the second line blow up at the origin, but it is an artifact of invalid 
extrapolation of description in terms of $ into the small held region where that in terms of 
Hu and Hd is appropriate. The description in terms of <h is valid in the region satisfying 
CK<I)0“b/"- 3 > 1. The SUSY breaking vacuum energy AU = 3|/i/Kp|lUoP is to be added to 
the above potential to cancel the cosmological constant at the vacuum. We have obtained a 
fractional power potential exploiting the mechanism of running kinetic term. 

Next, we consider the following logarithmic Kahler potential, 

K = -a\n(^l + ^ {j{HuHd) + JiHjTd)) 

{\Huf + \Hdf) + ^ {J{HuHd) + JiHjTd))"^ , (3.176) 


Dehning a chiral superheld <h as $ = J{HuHd), it becomes K = —aln(l + ($ + $)/Y^+...). 
Similarly to the previous, minimal Kahler case, we hrst neglect the canonical and 
terms. In terms of the composite chiral superheld <h, the resulting Kahler potential is the 
same as eq. (3.50). So the superpotential squared term is cancelled (a = 3) or made positive 
(a > 4) because of = a, see eq. (3.1). The MSSM superpotential (3.143) morphs 

again into eq. (3.151). 

Let us take a polynomial $ = J{HuHd) = {nHuHdY^ or HuHd = J“^(<h) = The 

superpotential is given by eq. (3.174), W = (p/^)*!)^/"'+ Wo. Plugging this into the potential 
obtained in the previous Section, eq. (3.24), the potential becomes 


U = 




Re Wo cos-h ImWo sin — ^ + I Wo I 

2n 2n/ 


2y/a 


n 


ii) 


-1 


^1 (lmW'„co=|^-ReW'„Bin|-) + i(^ 


--2' 


(3.177) 


where Wq = Wo(/i/fi:) For the no-scale like case (a = 3), the hrst line vanishes. Let us 
take n = 1 for example. The above potential reduces to 


U = 




-2'\/aReWo H —- 




(3.178) 


For the case of a > 3, the potential becomes quadratic as in the previous n = 1 example for 
the minimal Kahler potential. For the no-scale like case (a = 3), the non-trivial potential 
vanishes and just a constant remains. When we take n > 1, the power of the leading term is 
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—2{n — l)/n (negative fractional; run-away) and 2/n (positive fractional) for a = 3 and a > 3 
respectively. That is, the qualitative behavior of the potential for the case of the logarithmic 
Kahler potential of a > 3 is same as the counterpart for the minimal Kahler potential. On 
the other hand, the situation in the no-scale like case is worse due to the absence of the 
superpotential squared term. If we take some non-trivial function J, the no-scale case may 
also be able to realize positive power potential. 

Actually, we should be careful about canonical normalization since exponential stretching 
occurs for the logarithmic Kahler potential. Similarly to the previous exercise with the 
minimal Kahler potential, we truncate the theory to the neutral sector. 


A' = - aln 1 + ^ 


- 1 Iff"' 

a 


+ m 


The first derivatives in the ReJ(—direction (“iC-flat direction” [151]) are 

Hi- 


K„ 


(fi/3) 


K, 


(fI/3) 


(3.179) 


(3.180) 


where 17/3 denotes the argument of the logarithm, Q/3 = e The Kahler metric in the 
K-flat direction is 


H, 


H 


ud 


1 

1 


+ ('“''I'" 1) pHir + ffjffSJ')]), 

((i/Y^)ff;ff"+;^(ff“V+ff«v)). 


(3.181) 

(3.182) 


and are obtained by exchanging u and d in these expressions. After the angular 
modes (and the charged fields) are stabilized, the inflaton is identified with the radial mode. 
Of the two eigenvalues of the Kahler metric, the coefficient of the kinetic term of the inffaton 
is the one that grows larger in the large J limit. In the iT-flat direction, the eigenvalue and 
the corresponding eigenvector are 


dffSI" + |ff„"|") I Jf + 1 + ^ {HlHp' + TJJffJJ') 

(i-i(|ffSI" + |ffSI"))“ 

( M + s/iHp' A 
(ffJ + yHff.0J'’ )■ 


(3.183) 

(3.184) 


The condition for neglecting canonical terms is 

w ^ (ff„"ff;j' + ffMJ')]) « Iff^l" + IffJI" « a. (3.185) 

The left inequality comes from the numerator of eq. (3.183) and the right inequality comes 
from the denominator. Eqs. (3.177) and (3.178) are valid in this range (3.185). We also 
record the other eigenvalue and the corresponding eigenvector of the Kahler metric. 


1 

l-;(|ff.“l"+|ffSP)’ 


ffS + A 


(3.186) 
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When the function J can be approximated as a monomial during inflation, the last term 
in the numerator of the eigenvalue (3.183) vanishes in the A'-flat direction. In the large field 
region satisfying the left inequality of eq. (3.185), and using eqs. (3.172), the inflaton kinetic 
term is approximately 

a / 

Integrating eq. (3.173), we can express the canonical inflaton using a hypergeometric func¬ 
tion. Restricting ourselves to the case of n = 1, we have 







or 


h 





(3.188) 


Hence, the conformal factor (fl/3) ^ blows the potential up. The descrip¬ 
tion in terms of $ is valid in the region ^ -C a. If we take k large, the exponential 

deformation happens at the very large point h ~ an 1^2 for the canonical inflaton so that the 
relevant inflationary regime can be described by the composite superheld <I>. In fact, when 
the field is not too large, h aK/\/2, eq. (3.188) reduces to the previous result, h ~ j \/2. 

Finally, let us check stability of non-inflaton scalar fields along the inflationary trajectory. 
We first truncate it to the neutral sector, and deal with charged fields later. The real 
part of the inflaton $ = J = is stabilized by the C(‘^’ + ^)^ term, while its 

imaginary part plays the role of inflaton. The masses of these degrees of freedom during 
inflation is more easily understood in terms of $ than in terms of h, a or /?. It is similar 
to the previous Sections, and the stabilized component has mass squared proportional to 
the stabilization coefficient (. It can be easily made heavier than the Hubble scale during 
inflation (Section 3.3). 

The eigenvectors (3.184) and (3.186) for the logarithmic Kahler potential coincide with 
those for the minimal Kahler potential, eq. (3.165), in the large hied (large J) limit. So, we 
consider the mass of the non-inhaton held v in eq. (3.168). In the case of the logarithmic 
Kahler potentials, the Kahler metric and the D-term potential have the conformal factor 
(17/3). During inhation, this factor should play a subdominant role, so we set them one. 
Then, the mass term of the canonically normalized v, v = \/2v, in the Z7-term (3.170) is 




I n9^+9'^) 




~2 


(3.189) 


where = \u\^ + is identihed with the value of inhaton y = h?/2\/2 during inhation. 
The mass of v can be readily read oh from this expression. The expression of the Hubble 
parameter depends on the model, but its scale is determined by Thus, the condition 

for neglecting v during inhation is roughly 




(3.190) 


in the reduced Planck unit. We have used h ~ The right hand side of the inequal¬ 

ity (3.190) is to be hxed to the inhationary scale, so the k, can not become arbitrarily large. 
This dehnes the upper bound on k. Combining with eq. (3.185), the inhationary trajectory 
can not be arbitrarily extended. 
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We confirm stability of charged fields and Hj. A half of degrees of freedom are eaten 
by gauge helds, so we keep only H~^ = and set = 0. We assume that the mass scale 
of D-term is larger than that of F-term. In the F-flat direction, the F-term including the 
charged Higgs mass term is 

= (3.191) 

The condition that this mass is larger than the Hubble scale is also given by the inequal¬ 
ity (3.190). 

We have checked the conditions that other held directions than the inhaton are stable 
against huctuations perpendicular to the inhaton trajectory. When these are satished, our 
analysis is consistent. 

In conclusion, we have constructed the models of Higgs inhation in the MSSM for the 
hrst time at the cost of giving up naturalness of the electroweak scale. The construction 
in this Section can be readily applied to building of composite or running-kinetic inhaton 
models not involving the MSSM Higgses where the issue on the electroweak naturalness is 
irrelevant. 


91 




Chapter 4 

Conclusion 


In this thesis, we have constructed the new classes of inflationary models in supergravity 
without the stabilizer superheld, which does not contain the inflaton. Moreover, the partic¬ 
ular class of models discussed in Section 3.2 can be used to embed approximately arbitrary 
positive semidehnite scalar potentials for inflation into supergravity. The mechanism we 
employed for stabilization of the inflaton potential utilizes the inflaton quartic term in the 
Kahler potential. The quartic stabilization term ensures the positivity of the inflaton po¬ 
tential in the large held region, and hxes the scalar superpartner of the inhaton to a certain 
value making its heavy enough to decouple from the theory during inhation. We extensively 
studied the effects of the stabilization term in Section 3.3 such as the deviation of the non- 
inhaton scalar value, its mass, and the resultant correction to the inhaton scalar potential. 
We have checked analytically and numerically that the stabilization mechanism works in¬ 
deed. In the numerical examples, we found that the stabilization parameter ( of order one or 
ten is enough (we used ( = 3a/ 3)- The mechanism respects the approximate shift symmetry 
of the theory, and any terms preserving the symmetry generically appear in the ehective held 
theory. We discussed the naturalness and tuning issue in Section 3.4, i.e. we studied ehects of 
other terms allowed by the shift symmetry in the Kahler potential. For the “minimal” Kahler 
potential, no hne tuning is required provided that if the non-inhaton scalar is stabilized at 
all. That is, perturbation to the Kahler potential or superpotential just perturbs the kinetic 
terms and the scalar potential. For the no-scale type Kahler potential, on the other hand, 
the theory is to be regarded as a hne tuned one, because a small perturbation to the Kahler 
potential breaks cancellation among terms and drastically change the structure of the theory. 
It does not mean inhation is not possible in the perturbed theory, but it just means that one 
has to check again whether inhation occurs or not in the new theory. We also briehy studied 
coupling of the inhaton sector and other sectors possibly present in the theory and inhaton 
decay into particles in these sectors in Section 3.5. As a generalization and application of 
our technique, we constructed models of Higgs inhation in MSSM in Section 3.6. Although 
it requires hne-tuning, potentials of Higgses that are suitable for large-held inhation have 
been constructed in MSSM (in the supergravity framework) for the hrst time. Our approach 
is more easily applied for charged or composite superhelds not directly related to the MSSM 
sector. 

Related to the tuning issue of cubic term in the logarithmic Kahler potential, one would 
ask a question: “What is the origin of the stabilization term if any?” This is unanswered 
in this thesis and an open question. The simplest answer is it requires no answer. That 
is, the quartic term is present from the beginning at the tree-level action. There are no 
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practical problems, and the QFT with such a term is consistent at the same level with other 
QFT models. A more ambitious attitude is to seek a possible origin in some UV-completed 
fundamental theory, but this is beyond the scope of this thesis. An intermediate answer is 
that such a term can be generated integrating out heavy helds that couples to the inflaton 
superheld. Although we can demonstrate that the effective quartic term as well as other 
terms like quadratic or cubic terms appears from such a procedure, but we have not found 
a way of coupling that improves naturalness or tuning status. So, we will not go into these 
details. Interested readers are referred to Appendix C of Ref. [45]. 

How about predictions or falsihability of our framework? Generally speaking, it is difficult 
to pin down a particular model of inflation because of the number of inflationary observables 
we have is limited. Even if we could pin down an inflationary model, it is again very 
difficult to prove it is embedded in supergravity theory because the fermionic sector does 
not play a major role in the inflationary context. So, it is far more difficult to distinguish 
several embedding mechanisms of the inflationary model into supergravity. If we would have 
inhnite power to probe high-energy or microscopic physics, we could in principle exclude the 
mo del/framework or conhrm its consistency. Of course, we do not such power unfortunately. 

However, if non-Gaussianity is discovered, our scenario is excluded or at least disfavored 
or constrained^ because the scalar superpartner 0 of inflaton x is stabilized and inflation 
is triggered effectively by a single held y. Also, in some (not all) of our models, inhaton 
breaks SUSY not only during but also after inhation. Without tuning, the gravitino mass 
is as high as the inflaton mass scale. This has a huge impact on particle phenomenology. 
The standard lore of low-energy SUSY suppose SUSY particles are at around TeV scale for 
the naturalness of Higgs mass. The mass of the Higgs, 125 GeV, implies SUSY scale may 
be as high as 10 or 100 TeV. Such scales of SUSY breaking can explain the Higgs mass and 
keep gauge coupling unihcation. The SUSY breaking scale in our scenario is much higher 
than this. Because of such a high scale SUSY breaking, no SUSY particles will he found 
at the LHC for our generic models in Section 3.1. On the other hand, the special class of 
models in Section 3.2 does not break SUSY after the end of inflation provided the constant 
in the superpotential is tuned, so the scale of SUSY breaking, which is supposed to take 
place in a hidden sector, can be much lower than the inflation scale. As other examples of 
promising directions, relations between our single superheld models and baryon asymmetry 
of the universe, dark matter, or dark energy are interesting topics so to be studied in future. 

Regarding dark energy, a work by Linde et al. [253] appeared recently in the hnalizing 
process of this thesis. They studied a possibility of realizing both the primordial (inhation) 
and current (dark energy) accelerating expansion of the universe in our single superheld 
framework. They found that the following naive guess is wrong: since some of our models, 
in particular the models accommodating arbitrary positive semidehnite potentials, do not 
break SUSY at the vacuum with the cosmological constant zero, it would be easy to obtain 
dark energy V ~ by an inhnitesimal deformation of parameters of the theory. In 

fact, when one adds a small term to the superpotential, the vacuum energy goes negative. 
Increasing the ehect of the term, the vacuum energy decrease more, turn to increase at some 
point, and eventually cross zero to become positive. But near the zero point, deformation 
of the original model is so large that SUSY breaking becomes of order of more or less the 
inhaton mass scale. They pointed out that it is a manifestation of a theorem: 

“a supersymmetric Minkowski vacuum without flat directions cannot be continu- 

^ Decreasing the stabilization paramter g, multi-field dynamics may be possible. 
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ously deformed into a non-supersymmetric vacuum. ” [254] 

Although it would be more desirable to describe both inflation and dark energy by a single 
superfleld, the fact that it is impossible is not really a problem at all. We can just add 
a SUSY breaking sector to explain SUSY breaking, and assume usual fine-tuning of the 
cancellation between SUSY breaking K^^\DzW\‘^ and “gravitino mass” 3|lUp to reproduce 
the tiny cosmological constant, as they also commented in their conclusions [253]. This 
evades the no-go theorem because the SUSY breaking held becomes a flat direction in the 
supersymmetric limit [254]. For more ambitious approach to describe both inflation and 
dark energy, one may use nilpotent superflelds. See Subsection 2.3.3. 

We point out some new possibilities. First, our technique to embed arbitrary positive 
semideflnite scalar potentials in to supergravity without the stabilizer superfleld is not neces¬ 
sarily restricted to inflation. When one want to design a single held potential in supergravity, 
it becomes a useful tool. Second, we have enlarged the viable domain of applicability of single 
superfleld inflation (sGoldstino inflation) from small field inflation to small and large field 
inflation, so a new possibility naturally emerges. It might be possible to realize hybrid infla¬ 
tion entirely relying on two scalar components of the single superfleld modifying its Kahler 
potential. This may deserve the name of “self-hybrid inflation”. To construct it or exclude 
its possibility is another possible future work. 

In conclusion, we have pioneered an entirely new branch of inflation in supergravity, 
which enables us to realize inflation, in particular large field inflation, without the need for 
the stabilizer superfleld. We have reduced the number of degrees of freedom required for 
(large held) inflation by half. Our framework is minimal in this sense, but at the same time 
powerful since various kinds of scalar potentials can be realized. This is theoretically exciting 
and phenomenological or cosmological consequences are to be further explored in future. 
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Appendix A 


Bird’s-eye 


Review of Supergravity 


Supergravity [22,23] (see also textbooks and reviews [46-50]) is the local or gauged version 
of supersymmetry (SUSY) [21], It includes gravitation as a consequence of gauging of SUSY. 
We are not intended to present a self-contained and detailed review of this large subject. 
Instead, we give a bird’s-eye view of some formulations of supergravity in preparation of 
discussion in the subsequent Chapters. 


Conformal and Poincare supergravity 

The standard supergravity is also called Poincare supergravity, because the supergravity 
symmetry group contains Poincare group as its subgroup. The symmetry algebra is gener¬ 
ated by the generators of translation P^, Lorentz transformation and supersymmetry 

Q. Corresponding to these generators, there are gauge fields, vierbein (graviton) e^“, spin 
connection and gravitino ■0^. The spin connection can be hxed by imposing a constraint. 

One of the standard formalism is based on curved superspace. As General Relativity can 
be formulated as a deffeomorphism invariant gauge theory in curved spacetime with a local 
Lorentz gauge group, Poincare supergravity can be formulated as a deffeomorphism invariant 
gauge theory in curved superspace with a local Lorentz gauge group. In short, supergravity 
is General Relativity on curved superspace. 

There is a formulation called conformal supergravity or superconformal tensor calculus 
(see Refs. [255-257] and references therein), whose bosonic part of the symmetry group is 
conformal group, a larger group containing Poincare group. More concretely, the supercon¬ 
formal algebra is generated by the generators of dilatation D, conformal supersymmetry or 
‘S-supersymmetry’ S, U{l)fi symmetry T, and conformal boost in addition to those of 
Poincare supergravity. Gorrespondingly, there are gauge helds, 6^, 0^, A^, and /^“. The 
gauge fields of S'-supersymmetry 0^ and conformal boost as well as Lorentz symmetry 
are fixed by constraints. The purpose of the enhancement of the symmetry in conformal 
supergravity is to describe the same physics as Poincare supergravity more simply and ele¬ 
gantly. These additional symmetries are “gauge hxed” to reproduce the action of Poincare 
supergravity. When one constructs an action, compensator superhelds are employed to make 
an original action superconformally invariant. In contrast to the formalism in curved super¬ 
space, the superconformal approach is not based superspace, and the action is given in terms 
of invariant action formulae. 

The closure of the supergravity algebra off-shell requires introduction of auxiliary helds in 
the supergravity multiplet. The choice of the auxiliary helds are not unique, and there are two 
minimal formulations: the old-minimal [258-260] and the new-minimal [261] formulations. 
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Old-minimal supergravity 

For the old-minimal choice of auxiliary held, the supergravity supermultiplet is composed of 
the graviton e^“, gravitino 'ipfj,, a real vector and a complex scalar h. Taking the gauge 
hxing of local Lorentz symmetry into account, these have 10, 16, 4, and 2 degrees of freedom 
off-shell. These reduce to 2, 2, 0, and 0 on-shell. The bosonic and fermionic number of 
degrees of freedom match both off- and on-shell. 

The latter two, auxiliary helds have the following origin in the curved superspace for¬ 
malism. The basic ingredients of the formalism are the vierbein superheld Em^{x,9^9) and 
the superheld of the connection of the local Lorentz symmetry (j)MA^{x,9,9). The action 
is constructed in terms of (super)geometric objects like torsion and curva¬ 
ture Ra^ = d(j)A^ + (j)A^4>c^■ These satisfy the Bianchi identities: = E^Rb^ and 

^Ra^ = 0. These superhelds have too many independent components, so we put con¬ 
straints on the torsion to reduce the number of independent components. The constraints 
are Tcb“ = = 0 and where a = a,d. Consistency 

with these constraints and the Bianchi identities tells us that all the components of the tor¬ 
sion and curvature are written in terms of the three Lorentz-irreducible superhelds, TZ, 
and Wap-y- The auxiliary held is the lowest component of and h is the lowest compo¬ 
nent of TZ, up to a constant coefficient. The three superhelds obey the following constraints 
as consequences of the Bianchi identities: ^7Z = ^Wapj = 0 (JZ and W are chiral), 

is Hermitian), 3>^Qpa = DaTZ, and S^^Wpap = i^(a^Gp)p- TZ, Gp, and W contain Ricci 
scalar, Ricci tensor, and Weyl tensor, respectively. 

The minimal supergravity Lagrangian density that leads to Einstein-Hilbert Lagrangian 
density as the bosonic part is (see e.g. Ref. [168] and earlier works [262,263]) 

£ = -3^ d'^9E, (A.l) 

where E is the density of superspace [262], which is the analogue of the invariant measure 
e = det e^“ = in supergravity. Remarkably, the action is just an integration of a 

constant (times the density) over full superspace. It is convenient to rewrite this in chiral 
superspace. 

^ = - j d^02^37^ + H.c. 

=e {'Gpd^^p'Ga - 'G^l(Xu3lpGo) - ^hh + , (A.2) 

where 0 is the so-called new theta variable [264,265], and S is the chiral density [264]. 
Variation of the auxiliary helds eliminates themselves, and the Einstein-Hilbert action and 
the gravitino kinetic term remains. The equivalence between eqs. (A.l) and (A.2) can be 
seen as a generalization of the formula J d^xd^9E = — | / d^x(^9E + H.c. for any Hermitian 
E in global SUSY [46]. When coupled to matter, the Lagrangian density is of the following 
form in superspace, 

C = j (fe2c^ 0 - 8R) + W + + H.c., (A.3) 

where K is thn Kahler potential, W is the superpotential, Hab is the gauge kinetic function, 
and W = — 81Z)e ^^is the held strength of gauge superhelds. This Lagrangian 

density in terms of component helds and details of the above arguments are found in Ref. [46] . 
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In the conformal supergravity, the old-minimal formulation utilize a chiral compensator, 
So = [z,Xyh]. The gauge freedom of the conformal boost (i^-gauge) is used to eliminate 
the gauge held of dilatation, 6^ = 0. Similarly, one can eliminate the fermionic component 
of the compensator supermultiplet y and set the complex scalar component z to 1 by the 
gauge choice of the conformal supersymmetry (S'-gauge) and dilatation/f/(l)^ {D- and T- 
gauge), respectively. The auxiliary held in the old-minimal supergravity, and h, can 
thus be interpreted as the gauge held of symmetry and the auxiliary held of the 

chiral compensator multiplet. After gauge hxing, the superconformal theory reduces to the 
Poincare one. 

For example, the pure supergravity (A.2) has a superconformal form 

£ = -?[S„S„]„. (A.4) 

This is analogous to eq. (A.l), and the matter-coupled supergravity corresponding to eq. (A.3) 
is described by 


C = -l t (A.5) 

New-minimal supergravity 

In the case of the new-minimal supergravity, the supergravity multiplet is composed of 
the graviton e^“, gravitino a real vector A^, and a real two-form held a^i,. The last 
one only appears in the combination ~ so this real vector is constrained 

to be divergenceless, = 0. It has three independent components. The new-minimal 

supergravity has a gauged /^-symmetry, and its gauge hxes a component of A^. The numbers 
of degrees of freedom are thus 10, 16, 3, and 3, respectively oh-shell. On-shell, these reduce 
to 2, 2, 0, and 0, and the spectrum of the theory coincides with that of the old-minimal 
supergravity. In fact, the component Lagrangian is given by 

C =e - (2Ap -F (A.6) 

up to surface terms. The gauge transformation of A^ —>■ A^ -|- dp\ produces only a surface 
term because of the constraint dpV^. The auxiliary helds A^ and vanish on-shell, and 
then the Lagrangian becomes the same as that in the old-minimal one. 

In curved superspace, basic superhelds in the new-minimal supergravity are a chiral 
superheld Wq,, which contains Ricci scalar, a real linear superheld^ £p (or chiral one ^T), 

^ Linear superfields do not appear as often as chiral and real superfields in the literature, so we here let the 
reader remember the definition. These superfields are constrained ones. For example, a (left-)chiral super field $ 
is characterized by = 0, and a real superfield V is characterized hy V — V. A (complex) linear superfield £ 
is characterized by {DD + DD)£ = 0, and a real linear superfield L is characterized by DDL — DDL — 0. The 
operator \{DD + DD) is the chiral projection operator such that a general superfield S operated by the operator 
becomes chiral (in a broad sense; the sum of chiral and anti-chiral superfields in a narrow sense) S' = ^{DD + DD)S. 
Thus, a linear superfield is such a superfield that its chiral projection vanishes. A real linear superfield contains a real 
scalar C and a divergenceless real scalar V), as independent bosonic fields, and a Weyl spinor uj and its conjugate uj as 
independent fermionic fields. These are four bosonic plus four fermionic degrees of freedom off-shell, which reduces 
to 2 -I- 2 on-shell. The expansion of a real linear superfield is as follows, 

L = C + i6ui — idoj — 9a''9Vfj, -|- .... (A.7) 
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which contains Ricci tensor, and a chiral snperheld (or Wap-y = \{cr^'')a| 3 y^^lu■y)■l which 

contains Weyl tensor. The Bianchi identities imply = 0, Wq = —\^°‘£aa) = 

0, and 

In the snperconformal tensor calcnlus, the choice of the compensator for the new-minimal 
snpergravity is a real linear supermnltiplet, Lq = We can eliminate the gauge held 

of dilatation 6^ and the spinor component of the linear compensator uj by A'-gauge. We 
are also able to hx the real scalar component of the compensator C* to 1 by D-gauge. This 
reduces the snperconformal theory to the Poincare version. 

The pure snpergravity Lagrangian density is expressed by [266] 


C 



(A.8) 


where Sq is an auxiliary chiral supermnltiplet in the sense that the Lagrangian density 
does not depend on the value of 5*0. In fact, transforming it as So —)■ Soe^ with A chiral 
supermnltiplet, the variation term — [L(A-|-A)]^) = [(linear) x (chiral)]/) vanishes. This is 
called “the additional gauge symmetry” [267]. Because the compensator is not chiral but 
linear in the new-minimal case, the superpotential term can be incorporated in the theory 
only if it is snperconformal with itself. The matter-coupled general Lagrangian density is 




L In 


/ 


SoSo 


+ dRVRj 


+ [W]^ + ^ [i/AuW^W]^ + ^ (A.9) 


D 


where Vr is a real supermnltiplet which has an FI term, and / is a Hermitian function (like 
Kahler potential) of the linear compensator and matter. 

It has been proven that the matter-coupled old-minimal snpergravity (A.5) is equivalent 
to (can be rewritten in the language of) the matter-coupled new-minimal snpergravity (A.9) 
if and only if the superpotential of the old-minimal side respects i?-symmetry [267]. However, 
this equivalence no longer holds when one consider higher order terms in snpergravity (like 
terms containing Ricci scalar squared R^). 
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Appendix B 

Short Review of Inflation 


We consider single field canonically normalized slow-roll infiation in the Einstein frame de¬ 
scribed by the Lagrangian density 


= ^/^ 



R - - V ( 0 ) 


(B.l) 


where g is the determinant of the metric, R is the Ricci scalar curvature, 0 is the infiaton, 
and V is its potential. The equations of motion for the metric (Einstein equation) and the 
scalar are 


R^i> T ^Q^ifR 




d, {V^g‘‘-d,4>) -V' = 0, 


(B.2) 

(B.3) 


where is the Ricci tensor, is the energy momentum tensor, and the prime denotes 
differentiation with respect to the infiaton 0. The energy momentum tensor is given by 


= 0 '^ 00™0 + 






(B.4) 


Neglecting spatial derivatives in the homogeneous and isotropic background (Friedmann- 
Lemaitre-Robertson-Walker spacetime), the equation of motion for the scalar becomes 

0 + 3i70 + W = 0, (B.5) 


where H is the Hubble variable. 

In the slow-roll approximation, we neglect the first term leading to 3H(j) -f W = 0. The 
Einstein equation reduces to slow-roll Friedmann equations, 

3H^ = — = V. (B.6) 

a 


Slow-roll parameters are defined as 


e 


1 

2 



V = 




V'V'' 


(B.7) 
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The slow-roll approximation is expressed as e -C 1. To keep inflationary expansion sufficiently 
long, another condition is usually required, \t]\ <C 1. The e-folding number iV* for a mode of 
wavenumber from its horizon crossing to the end of inflation is 


N, 




(B.8) 


and its value corresponding to the mode we observe today should be in the range 50 < iV* < 
60 depending on the details of reheating. 

Quantum fluctuation of the inflaton is approximately Gaussian and scale invariant. It 
is expanded by inflation and becomes the seed of density perturbation. A part of inflaton 
fluctuation is converted to fluctuation of the scalar part of the metric called curvature pertur¬ 
bation. Similarly, the transverse traceless part of the metric produces quantum fluctuation 
called tensor perturbation. The power spectra of these perturbations are parameterized as 





ris-l + l 
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d In fc 
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In 




(B.9) 


where Ai {i = s,t) are the amplitudes, Ui are the spectral indices, and dui/dlnA are the 
runnings of the spectral indices. They are given by 


" 247r2e’ 

A 

* 37r2’ 

(B.lO) 

Us — 1 = — 6e -I- 2?7, 

nt = - 2e, 

(B.ll) 

dus O O 

dUt , n 

(B.12) 

The tensor-to-scalar ratio of the amplitudes of the power spectra is 

r = 16e. 

(B,13) 


Detection of r implies inflaton field excursion of order Planck mass during inflation because 
of the Lyth bound, A0 > 0.4(r/0.05)^/^ [268]. 

Let us look at some inflationary model predictions. For the monomial potential case. 


= c^r, 

where c„ is a constant, the the first two slow-roll parameters are 
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The scalar amplitude, the scalar spectral index, and the tensor-to-scalar ratio are 

As 
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where we have dehned the end of inflation as the time when e becomes one, eend = (’^^/20end) = 
1, so that the e-folding nnmber is 

In the case of the Starobinsky-like model, 

V = Vo{l-e-‘^^)\ 

where Vq and a are constants, the slow-roll parameters are 
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The amplitnde, the spectral index and the tensor-to-scalar ratio are 
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where the e-folding nnmber is 
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Inflation ends at 0end = a“^ln(l -|- \/2a) where Cend = 1- 

Inflationary models must be confronted with data. According to the Planck 2015 data [ 8 , 

9], the amplitude of the curvature perturbation and the scalar spectral index are 

A 3 =2.198+°;°™ X 10“° ( 68 %CL, Planck TT + lowP), (B.25) 

n 3 =0.9655 ± 0.0062 ( 68 %CL, Planck TT + lowP), (B.26) 

in the ACDM model with the pivot scale ko = 0.05Mpc“^. Allowing tensor perturbation, 
the spectral index and the tensor-to-scalar ratio are constrained with various data sets as 

^3 =0.9666 ± 0.0062 ro,oo 2 <0.103 (Planck TT + lowP), (B.27) 

77-3 =0.9688 ± 0.0061, ^ 0,002 <0.114 (Planck TT -|- lowP -|- lensing), (B.28) 

n, =0.9680 ± 0.0045, ro,oo 2 <0.113 (Planck TT + lowP + BAO), (B.29) 

n, =0.9652 ± 0.0047, ro,oo 2 <0.099 (Planck TT, TE, EE + lowP). (B.30) 

where the confidence levels of the constraints are 68 % and 95% for Hs and r, respectively, 
and the tensor-to-scalar ratios are evaluated at the pivot scale 0.002Mpc“^. 

The tensor-to-scalar ratio is independently constrained by the joint analysis of BICEP2/Keck 
Array-Planck (BKP) [269] as 

ro,o 5 <0.12 (95%CL,BKP), (B.31) 

where ro .05 is the tensor-to-scale evaluated at the pivot scale 0.05Mpc“h Combined with the 
above Planck data, it is more severely constrained as [9] 

?"o.oo 2 <0.08 (95%CL, Planck TT -|- lowP -|- BKP). (B.32) 

Using other data sets or allowing more free parameters, these constraints become milder. 
See Refs. [8,9,269] for more details. 
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